Abstract. Whether or not in vivo gene transfer of gastrin gene into skeletal muscle by electroporation could modify gastrin secretion was examined. The expression plasmid vector, either pMEPrGaspA encoding the rat gastrin gene or pEGFP-N1 encoding the GFP reporter gene was injected into M. rectus abdominis of rats or M. biceps formis of mice. Subsequently, square electric pulses of direct current were applied six times at 25 V with a loading period of 100 msec per pulse. Clear foreign gene expression in the skeletal muscle was demonstrated by both GFP fluorescence and immunostaining of rat gastrin. Time course changes in plasma gastrin levels after transfection revealed that in rats, gastrin gene transfer significantly increased the plasma gastrin level for 4 weeks post-transfection (P<0.05), but the difference diminished at the end of the 10-week period. In mice, plasma gastrin level elevated similarly for 3 weeks, and pH of gastric contents decreased in the gastrin gene transfected group compared with the control counterpart (P<0.05). These findings suggest that localized in vivo gene transfer by electroporation allows skeletal muscle to become an artificial endocrine tissue for hormonal manipulation of animals.
Introduction
Tissues in which foreign genes are transferred in vivo could be used as a production site for physiologically active proteins such as hormones, cytokines, and antibodies. The concept of such genetically engineered organs designated as an artificial endocrine tissue has progressed rapidly in the last decade. In principle, any organ within the body can be the target of the genetically engineered artificial endocrine tissue. However, skeletal muscle may be the most preferable and promising tissue with which a number of in vivo gene transfer studies have been conducted, starting from the expression of reporter genes (1) , to the production of hormones (2, 3) , and neurotrophic factors (4) . The reasons for using skeletal muscle may lie in its characteristics that: a) it makes up about 40% of adult body mass; b) it is easily accessible to most of the gene delivery methods; c) there is no significant cell replacement (5), and; d) the introduced genes are not constantly lost following mitosis. Particularly the last factor is of considerable importance because it may result in durable foreign gene expression in this tissue (6) . Indeed, in the mouse skeletal muscle the in vivo transferred gene was expressed as long as 15 months (3) . In contrast to skeletal muscle, foreign gene expression lasted from only several days to 4 weeks in other tissues including testis, liver, and oviduct (7, 8) .
The use of skeletal muscle as an artificial endocrine tissue (9) may have considerable impact on gene therapy of disorders associated with hyposecretion of digestive hormones. As a representative of digestive hormones to be manipulated, we have chosen gastrin, a physiological regulator of gastric acid secretion and at the same time an important promoter of gastric mucosal cell proliferation. The reduction in gastrin production and secretion from antral G cells may result in reduced gastric acid secretion.
Since there are a number of clinical observations related to hypo-or hyper-secretory disorders of gastrin and gastric acids, manipulations of this hormone in the blood circulation by using genetically engineered skeletal muscle as an artificial endocrine tissue may be of crucial importance from a clinical point of view.
The present study was conducted to examine whether in vivo transfer of gastrin gene into skeletal muscle could modify gastrin secretion. For this purpose, in vivo gene electroporation (EP) was employed, because it was more powerful and convenient than any other nonviral method (7) . Indeed, in terms of the intensity of transgene expression, our findings INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 8: 489-494, 2001 489 Elevated gastrin secretion by in vivo gene electroporation in skeletal muscle DNA constructs. The plasmid DNAs transfected were pMEPrGas9pA, pMEPpA, pEGFP-N1 and pAdVantage. The plasmid vector, pMEPrGas9pA was made by inserting the rat gastrin gene excised from pGas9-pCDNA3, which was generously gifted from Dr R. Dimaline, Physiological Laboratory, University of Liverpool, Liverpool, UK, into the BamHI and SalI sites of pMEP9pA, an empty vector that was served as a negative control. The MEP9pA was constructed with the miw promoter excised from pmiwZ (16) , and substituted for the RSV promoter of a commercially available plasmid, pREP9 (Invitrogen, CA, USA). The pEGFP-N1 and pAdVantage were obtained commercially from Clonetech (Palo Alto, CA, USA) and Promega (Madison, WI, USA), respectively.
In vivo gene EP. In vivo gene transfer was performed by EP as described previously (11, 12) , and the outline of procedures is shown in Fig. 1 (A, for rats, and B, for mice). Rats and mice were operated under deep anesthesia attained by intraperitoneal injection of pentobarbital at 25 mg/kg body weight. In rats, the skin was cut approximately 2 cm, and an incision was made along the median plane in M. rectus abdominis located beneath, while in mice, the skin around M. biceps formis was cut approximately 1 cm, and no incision was made in the muscle. Into the incision of the abdominal muscle of rats or the biceps muscle of mice, designated doses of plasmids were injected with a 1 ml syringe fitted with a 29 gauge needle. DNA amounts given per injection site were: for the rat experiment, pMEPrGas9pA at 50 µg, pMEPpA at 50 µg, pEGFP-N1 at 50 µg, pAdVantage at 10 µg, and; for the mouse experiment, pMEPrGas9pA at 200 µg, pMEPpA at 200 µg, pEGFP-N1 at 20 µg, and pAdVantage at 20 µg. For the immuno-staining experiment, pMEPrGas9pA, and for the plasma gastrin manipulation experiment either pMEPrGas9pA or pMEPpA was dissolved together with pAdVantage in 100 µl of TE buffer (10 mM Tris, and 1 mM EDTA, pH adjusted to 7.5). The cotransfection with pAdVantage vector was done to enhance gene expression according to the manufacturer of this plasmid (Promega, Madison, WI, USA). For GFP imaging experiment, the GFP reporter plasmid, pEGFP-N1 was similarly dissolved in 100 µl of the TE buffer. Immediately after the injection, six square electric pulses of direct current were applied at 25 V with a pulse length of 100 msec per pulse with an ElectroSquare Porator (CUY21, NEPA Gene, Ichikawa, Japan) in combination with pincette-type electrodes (CUY641, Tokiwa Science, Tsukushino, Japan) as described previously (3) . The electrodes had one circular gold-plated steel of 10 mm in diameter on each end of forceps with separate electrical connection to the above electro-square porator. The mean resistance value with SEM for the rat abdominal muscle was 0.46±0.03 kΩ/cm, and mouse biceps muscle, 0.50±0.15 kΩ/ cm. After in vivo EP, the skin was stitched immediately with No. 3 silk suture. At the designated period of time, the skin around the injection site was cut under deep anesthesia attained by intraperitoneal injection of pentobarbital at an excessive dose of 100 mg/kg body weight. For GFP detection, specific green fluorescence was observed in vivo with a fluorescence microscope. Subsequently, the GFP positive sample blocks were removed quickly for preparing cross sections for detailed microscopic observation. For immuno-staining, the muscle sample block was immediately removed for preparing cross sections. For measuring plasma gastrin levels, the animals were fasted overnight, and in the following morning, blood was collected from tail vein at 1, 4 and 10 weeks post-transfection. For gastric pH determination, stomach was excised from the euthanatized mice, and then flashed with 2 ml of physiological saline. The solution containing gastric contents was centrifuged at 1000 g x 10 min, and supernatant was used for pH determination.
Chemical analysis. For GFP imaging of muscle samples, green fluorescence was detected with a reflected light fluorescence microscope (SZX-RFL2 for in vivo observations, Olympus, Tokyo, Japan, and MRC-1024 confocal imaging system for section observations, Nippon Bio-Rad Laboratories, Japan) at excitation and emission wave lengths of 460 and 490 nm, respectively. Immuno-staining of the muscle samples was done with rabbit antiserum raised against the C-terminus of amidated rat gastrin, L425, which was a generous gift from Dr R. Dimaline, Physiological Laboratory, University of Liverpool, Liverpool, UK. The antiserum was specific for the C-terminus of amidated gastrin (Dimaline, personal communication). Plasma samples separated from the collected blood by centrifuging blood at 8000 x g for 10 min, and circulating gastrin levels were determined by using a radioimmuno assay kit (RIA2 kit, Dainabot, Tokyo, Japan). The pH of the gastric solution was determined with a pH meter (type F-8, Horiba Ltd., Kyoto, Japan).
Statistical analysis. Analysis of variance was done on the data, and significance of differences between means was inspected by a protected least significant difference test by using a commercially available statistical package (SAS ver. 5, SAS Institute Inc, Cary, NC, USA).
Results

GFP reporter expression.
GFP expression at 24 h posttransfection in rats is shown in Fig. 2 . The expression was detected either in vivo in muscle of living animals ( Fig. 2A and B) or in the muscle sections ( Fig. 2C-F ). In comparison with the negative control ( Fig. 2A and C) in which only phosphate buffered saline was injected followed by electroporation, clear GFP signals were observed in the pEGFP-N1 transferred muscle ( Fig. 2B and D) . This was further confirmed by detailed examination of sections along the muscle fibers ( Fig. 2E ) and across the fiber (Fig. 2F ) of the transfected area. Signals of GFP expression were mostly confined to muscle fibers, and little expression was detected in the extracellular spaces.
Immuno-staining of gastrin positive skeletal muscle cells. Fig. 3 represents the results of immuno-staining of the muscle sections from the rat abdominal muscle with the specific antiserum against the C-terminus of amidated rat gastrin. No clear signals were found in negative control sections (Fig. 3A) , while positively stained, scattered dark spots were observed primarily in the fibers of the pMEPrGaspA-transferred muscle with some scattered spots in the extracellular space (Fig. 3B ). This pattern of expression signals was a mirror image of GFP expression, and therefore was in good agreement with the reporter gene expression in the abdominal muscle. As a positive control, antral mucosal sections were also stained. Among the cells lined to form mucosal gland, dark brown spots were INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 8: 489-494, 2001 491 Figure 2 . Green fluorescent protein (GFP) expression in the rat abdominal muscle, M. rectus abdominis, following in vivo gene electroporation. A GFP gene encoding plasmid, pEGFP-N1, was injected at a dose of 50 µg per site, and six square pulses of direct current were applied at 25 V with a loading period of 100 msec per pulse. The GFP expression was detected at 24 h post-transfection with a reflected light fluorescence microscope: A and B (in vivo); C, D, and E, sections along the muscle fiber, and; F, section across the muscle fiber. A and C, control muscle; B, D, E and F, GFP gene transferred muscle. The scale bar is shown at the lower right corner of each photo.
found only in some cells that were assumed to be antral G cells (Fig. 3C) , suggesting that the specific antiserum against physiologically active gastrin functioned well.
Time course of plasma gastrin levels. Plasma gastrin levels of rats over 10 weeks post-transfection are shown in Fig. 4 . The overall means of the gastrin level was significantly increased by the gastrin gene transfer compared with the empty vector transfer (P<0.05). Time course changes in the plasma gastrin levels indicated that for the first 4 weeks post-transfection, plasma gastrin levels tended to be higher in the gastrin gene transfected than in the empty vector transfected groups, and significant difference was found at 4 weeks post-transfection (P<0.05). However, the difference diminished, and no significant difference was found at the end of the 10-week experimental period.
Whether or not the same expression plasmid encoding the rat gastrin gene could function in mice was tested. As shown in Fig. 5A , gastrin gene transfer also resulted in essentially similar increases in plasma gastrin levels over the 3-week period in mice when compared with the empty vector transfer (P<0.05).
Changes in gastric content pH. Fig. 5B represents pH of mouse gastric content at 3 weeks after in vivo gene electroporation with the rat gastrin gene. A significantly lower value for the pH was detected in the gastrin gene transferred mice than in the control counterparts, implicating that even in mice, the rat gene expression product may not only elevate plasma gastrin level but also appear to function normally.
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Figure 3. Immuno-staining of rat skeletal muscle to which an expression plasmid encoding the rat gastrin gene was transferred by in vivo gene electroporation. The plasmid, pMEPrGaspA, was injected at a dose of 50 µg per site, and six square pulses of direct current were applied at 25 V with a loading period of 100 msec per pulse. The amidated rat gastrin expression was detected at 24 h later. The scale bar is shown at the lower right corner of each photo. A, control muscle; B, the rat gastrin gene transferred muscle, and; C, rat antral mucosa served as a positive control. Arrows indicate the immunoreactive, putative antral G cells. Figure 4 . Changes in plasma gastrin levels of rats following in vivo electroporation of the rat gastrin gene into skeletal muscle during the 10-week experimental period (A, overall means; B, time course). The plasmid, pMEPrGaspA, was injected at a dose of 50 µg per site together with 10 µg of pAdVantage per site, and six square pulses of direct current were applied at 25 V with a loading period of 100 msec per pulse. Plasma rat gastrin concentration was determined at designated time period over the 10-week experimental period. Vertical bars represent mean ± SEM.
* Significantly different from the corresponding control value at P<0.05. Figure 5 . Changes in plasma gastrin levels of mice following in vivo electroporation of the rat gastrin gene into skeletal muscle during the 3-week experimental period (A) and in pH of gastric solution at 3 weeks posttransfection (B). The plasmid, pMEPrGaspA, was injected at a dose of 200 µg per site together with 20 µg of pAdVantage per site, and six square pulses of direct current were applied at 25 V with a loading period of 100 msec per pulse. Vertical bars represent mean ± SEM. * Significantly different from the corresponding control value at P<0.05.
In the present study, we have demonstrated successful manipulation of gastrin homeostasis, not depending upon food, and its component such as certain amino acids, ingestion, but solely upon the expression of exogenous gastrin gene transferred in vivo into skeletal muscle. At the same time, the rat gastrin gene transcript not only increased plasma gastrin levels but also appeared to function normally for enhancing gastric acid secretion, leading to lowered gastric pH. This finding may provide a basis of gene therapy for innate or acquired gastrin deficiency through genetically engineered skeletal muscle as an artificial endocrine tissue. The perspectives and general aspects of the artificial endocrine tissue have been reviewed elsewhere (9) .
Before the concept of artificial endocrine tissues is brought into practice, a number of questions should be addressed. First of all, the limit of foreign gene expression would have to be clarified. Admittedly, skeletal muscle is one of the most appropriate tissues that allow durable foreign gene expression (7) . However, the duration appears to depend, at least partly if not entirely, on the type of recombinant proteins expressed. Previously, we found that in mouse skeletal muscle, GFP expression lasted only several months whereas mouse EPO protein was expressed as long as 15 months (3). This may suggest that if the expressed recombinant product were a non-natural protein to animals and humans, the removal of such proteins from the body in general would be accelerated by activated host immune system. When the rat gastrin gene was transferred in vivo into mice, plasma gastrin levels increased for at least 3 weeks so that the rejection of the non-natural protein by the host immune system should take longer time period than 3 weeks under the present experimental conditions. Homology of the non-natural protein to the inherent one might be one of the determinant of expected duration of recombinant protein expression in different animal species. Whether or not the above hypothesis is true remains to be investigated.
The second question concerns with post-translational modifications that are frequently of critical importance in vivo. As reviewed in detail (17) , post-translational processing of gastrin involves several cleavage steps and C-terminal amidation of phenylalanine, the latter of which is essential for the production of biologically active gastrin. An enzyme, peptidyl-glycine-·-amidating enzyme, catalyzes this amidation step. Two forms of gastrin-amidating enzyme have been identified in antral mucosa and pituitary extracts (18) . The question is then whether or not skeletal muscle has such enzymatic activities to complete the C-terminal amidation reaction. The antiserum used for the immuno-histochemistry in the present study specifically recognizes the C-terminus of amidated gastrin (Dimaline, personal communication). Therefore, at least, gastrin positive muscle cells processed recombinant progastrin to form and secrete amidated, physiologically active gastrin. This was further supported by the observation that the in vivo transferred and expressed gastrin gene in skeletal muscle appeared to promote mouse gastric acid secretion, a most important index of gastrin function (Fig. 5B) .
The third question relates to the regulation of foreign gene expression. For the correction of disturbed hormonal homeostasis through artificial endocrine system, hormones must be synthesizes and secreted into blood circulation at the right amount and right time. Such strictly controlled gene expression is obviously insufficient at present, although some regulated expression of in vivo transferred genes have been reported (19) (20) (21) (22) . In this sense, the use of daily nutrient supply as physiological stimuli is an attractive approach as demonstrated by the regulation of foreign gene expression driven by the phosphoenolpyruvate carboxykinase promoter (8) and the pyruvate kinase promoter (23) . Further refinement of DNA constructs including promoters may bring about promising applications of controlable foreign gene expression to clinical studies.
Finally, more improvements should be made on the in vivo EP procedures per se. At present, the state of the art of in vivo gene EP is far from satisfactory for clinical trials. Even if only one parameter of EP conditions such as voltage is considered, the reported results in the literature are not consistent. We have been routinely using the voltage at 25 V or lower for skeletal muscle, whereas another group found that 100 V was the most efficient (14) . Moreover, it has recently been claimed that 900 V would be more suitable when a longer gene expression was desired (24) . The disagreement may lie in the effective area of electrodes used. Depending upon the shape of electrodes, the area hence the resistance differs substantially, and thereby leading to wide range of heat generated in the target site. Within a certain range, this heat generation may parallel to the intensity of foreign gene expression at a fixed time point after in vivo gene transfer (7) . Thus, with almost infinite number of electrode shapes, the only and the most comprehensive term to describe the efficacy of in vivo gene EP would be the applied energy which can be simply calculated by the product of squares of voltage and sum of loading period divided by the resistance (25) . By assuming that the average resistance is 0.45 kΩ/cm (26) , and the gap between electrodes is 5 mm, the recalculation of the published results indicates that the recent work using 900 V (24) would have generated the energy at 1.4 J, whereas the EP condition employed by others using 100 V (14) at 21 J, and that of the present study at 1.3 J for the target site. This suggests that electric energy in any target site of skeletal muscle having an electrode distance of 5 mm or so should be limited to less than 2 J, and that hyper-generation of electricity would cause irreversible heat damage to the muscle tissue. No doubt that there is plenty of room for EP condition optimization in other parameters such as amperage, loading period, the ratio of loading to unloading period, number of pulses, temperature of target site, and ionic strength of DNA solution. , a potent chemoattractant chemokine and an activator for mononuclear cells, may play a role in the initiation and/or progression of pulmonary hypertension (PH). To determine whether blockade of a systemic MCP-1 signal pathway in vivo may prevent PH, we intramuscularly transduced a naked plasmid encoding a 7-NH 2 terminus-deleted dominant negative inhibitor of the MCP-1 (7ND MCP-1) gene in monocrotaline-induced PH. We also simultaneously gave a duplicate transfection at 2-wk intervals or skeletal muscle-directed in vivo electroporation (EP) to evaluate whether a longer or higher expression might be more effective. The intramuscular reporter gene expression was enhanced 10 times over that by EP than by simple injection, and a significant 7ND MCP-1 protein in plasma was detected only in the EP group. 7ND MCP-1 gene transfer significantly inhibited the progression of MCT-induced PH as evaluated by right ventricular systolic pressure, right ventricular hypertrophy, medial hypertrophy of pulumonary arterioles, and mononuclear cell infiltration into the lung. Differential effects of longer or higher transgene expression were not apparent. Although the in vivo kinetics of 7ND MCP-1 gene therapy should be studied further, these encouraging results suggest that an anti-inflammatory strategy via blockade of the MCP-1 signal pathway may be an alternative approach to treat subjects with PH.
MCP-1; monocrotaline; electroporation PULMONARY HYPERTENSION (PH) is an intractable disease with sustained elevations of pulmonary arterial pressure (mean pressure Ͼ25 mmHg at rest) affecting about one to two cases of primary PH (PPH) in a million persons of the general population (1, 15, 17) . Because the prognosis of PH is poor, many efforts have been extensively conducted in clinic. Recent promising clinical studies using epoprostenol (prostacyclin) have demonstrated a significant improvement in survival time for patients with PH (3, 8, 9) ; however, it seems still distant from curative treatment. Furthermore, although cardiopulmonary transplantation has been effective for PH, related complications including bronchiolitis obliterans occur and retransplantation is needed (19) . More effective and less invasive therapy based on the pathophysiology of PH should thus be developed.
Current limitations to treat PPH, however, include less knowledge of the exact mechanisms in the initiation and progression of the disease. For instance, although the pathological changes in PH include intimal thickening and/or medial and intimal hypertrophy of arteries, luminal thrombosis, and plexogenic pulmonary arteriopathy (PPA) (4) (5) (6) 15) , no precise evidence is now available as to whether these untoward events lead to the disease or may be the result of the disease. No relevant animal model of PPH is available.
Although monocrotaline (MCT)-induced PH has been well accepted as an experimental model of PH (4) (5) (6) , for instance, only medial hypertrophy of pulmonary arteries is noted, not other important findings, such as PPA lesions, suggesting some questions regarding the relevancy of this model. Some common histological findings between humans and animals, on the other hand, have also been suggested. An exclusive perivascular inflammatory cell infiltrate, including monocyte/macrophages, was found in the PPA of PH patients (11, 22, 23) as well as in a rat model of MCT-induced PH (20, 21) . Evidence shows that transient elevation of plasma levels of monocyte chemoattractant protein-1 (MCP-1) are associated in the early phase; therefore, this may play a role not only in the inflammatory response of MCT-induced PH (10) but also of human PPH. Although the role of MCP-1-mediated inflammatory reaction in human PPH is still controversial, it is likely to be significant to clarify the role of inflammatory processes in the initiation and/or progression of the disease.
MCP-1, a member of the C-C chemokine family, has a potent chemotactic molecule for monocytes (12, 16, 18) and activates the receptor CCR2 as a dimer (12) . Our recent study has demonstrated that a 7-NH 2 terminus-deleted mutant gene, namely 7ND MCP-1, is a potent dominant negative inhibitor for MCP-1 (26, 27) . We reported that the intramuscular gene delivery of 7ND MCP-1 prevented vascular remodeling in rats with a chronic blockade of nitric oxide production (7), as well as atherosclerotic plaque formation of apolipoprotein E-deficient mice in vivo (13) , which suggests that this approach might be effective in treating subjects with PH.
In the present study, we determined whether the intramuscular injection of a naked plasmid DNA encoding 7ND MCP-1 might prevent the disease progression of MCT-induced PH in a rat model. To evaluate the kinetics of this strategy, we examined three different intramuscular gene therapy protocols: 1) simple naked DNA injection; 2) duplicate injection to prolong transgene expression; and 3) simple injection with electronic pulses, which is well known as an effective technique to markedly increase intramuscular transgene expression (2) .
METHODS
Plasmid DNA
Plasmid pCMV-luciferase was prepared as described previously (25) . Human 7ND MCP-1 cDNA with a FLAG epitope was constructed as previously described (7) . These plasmids, purified by equilibrium centrifugation in CsCl-ethidium bromide gradients were suspended in Tris-EDTA buffer (10 mM Tris⅐HCl and 1 mM EDTA; pH 8.0) at a concentration of 1.0 mg/ml.
Animals and Experimental Protocol
Adult male Sprague-Dawley rats (6-8 wk old, 250-350 g) were separated into six groups as follows: 1) buffer-injected control (C group, n ϭ 8); 2) MCT injection without gene transfer (MCT group, n ϭ 34); 3) MCT ϩ gene transfer of luciferase once (Lucif group, n ϭ 9); 4) MCT ϩ gene transfer of 7ND MCP-1 once (7ND group, n ϭ 34); 5) MCT ϩ 7ND MCP-1 twice at 2-wk intervals (7NDϫ2 group, n ϭ 21); and 6) MCT ϩ in vivo electroporation once (EP group, n ϭ 27). The experimental procotol is summarized in Fig. 1 . Seventytwo thigh muscles were used for direct comparison study of pCMV-luciferase gene transfer, and luciferase activity was measured as previously described (25) Intraperitoneal injections of pentobarbital were given during the following procedures. The rats were given a single subcutaneous injection of MCT (60 mg/kg, Wako; Osaka, Japan). Rats were maintained under the humanized conditions throughout. Right ventricular (RV) hypertrophy and the percent wall thickness of pulmonary arterioles were assessed as previously described (10): percent wall thickness ϭ 2 ϫ wall thickness (in m)/external diameter (in m) ϫ 100. RV systolic pressure was measured using a clinically available electric pressure meter (NEC; Tokyo, Japan) via direct puncture.
Intramuscular Gene Transfer
Direct injection. Three days before gene transfer, 500 l of 0.25% bupivacaine were injected into both thigh muscles, and a total 500 l solution of plasmid DNA (total 500 g) was subsequently injected at the same sites (24) .
Electroporation. Electronic pulses were delivered using a standard square-wave electroporator (CUY21, BEX; Tokyo, Japan) at 100 V, 50-ms pulse length and six pulses, soon after plasmid DNA injection (total 500 g) (2). The steel electrode, a pair of 2.5 ϫ 0.5-cm parallel plates, was brought into contact with the muscle in parallel orientation with respect to the muscle fibers.
Western Blot Analysis
Cytoplasmic fraction was subjected to Western blot analysis using a primary monoclonal mouse anti-FLAG antibody (dilution 1:200, Stratagene; La Jolla, CA) and visualized by fluorescence using the HNPP-Fast Red TR System (Takara; Tokyo, Japan).
Enzyme-Linked Immunosorbent Assay
Commercially available ELISA systems (Bio Source; Camarillo, CA) were used to detect human MCP-1 and rat MCP-1 according to the manufacturer's instructions. Cross-reactivity of each species was determined as Ͻ3% (data not shown).
Immunohistochemistry
Immunohistochemistry for monocyte/macrophage labeling was done using a primary monoclonal mouse anti-rat ED1 IgG antibody (Serotec; Raleigh, NC) diluted 1:500, and signals were then developed using an avidin-biotinylated peroxidase complex method. For quantification, two blinded observers counted the number of ED1-positive cells on the same nine high-power fields (ϫ400) in the lung of each animal. Fig. 1 . Experimental protocols. The rats not in the control (C) group were given a single subcutaneous injection of monocrotaline (MCT; 60 mg/kg) at day 0. Three days before intramuscular plasmid DNA injection (Lucif group and 7ND group at day Ϫ3; 7NDϫ2 group at days Ϫ3 and 11), 0.25% bupivacaine was injected into bilateral thigh muscles using a 26-gauge needle. Six independent experiments were performed. 7ND MCP-1, 7 NH2 terminus-deleted mutant gene of monocyte/macrophage chemoattractant protein; RV, right ventricle.
Statistical Analyses
All values are expressed as means Ϯ SD. Data were analyzed using one-way ANOVA, and, where appropriate, Student's t-test with Scheffé's adjustment for multiple comparisons was used.
The survival rate, determined by Kaplan-Meier's method, was calculated on day 28. The statistical significance of the survival experiments was determined using the log rank test.
RESULTS
Transgene Expression Via Intramuscular Injection With or Without Electric Pulses
We first determined intramuscular gene transfer efficiency of direct injection or in vivo electroporation using pCMV-luciferase plasmid DNA. These muscles were subjected to luciferase assay at 3, 10, 17, and 24 days after the gene transfer. Electric pulse-mediated intramuscular gene transfer showed an ϳ15-fold greater gene expression compared with the direct injection of plasmid DNA once on day 3 [ Fig. 2A ; direct injection: 3.8 ϫ 10 5 relative light units (RLU)/mg protein (n ϭ 10) and electroporation: 5.8 ϫ 10 6 RLU/mg protein (n ϭ 8), respectively, P Ͻ 0.001]. Transgene expressions using both techniques were gradually decreased and showed almost equal levels with an apparent significant expression on day 24. Gene transfer of luciferase done twice showed an increase in intramuscular gene expression on day 17 that was approximately fivefold greater than the direct injection once [once: 1.6 ϫ 10 4 RLU/mg protein (n ϭ 10) and twice: 7.5 ϫ 10 4 RLU/mg protein (n ϭ 8), respectively, P Ͻ 0.05] on day 17; however, even at that time, the level was still lower than that seen with electroporation.
To determine whether our construct of the 7ND MCP-1 gene could be translated in mammalian cells efficiently, in vitro lipid-mediated 7ND MCP-1 gene transfer was done. We used an anti-FLAG antibody to exclude 7ND MCP-1 from endogenous expression of wild MCP-1 protein. Western blot analysis using the cytoplasmic protein of THP-1 cells, which strongly expressed endogenous MCP-1 under LPS stimulation, showed no expression of MCP-1 with the FLAG (Fig.  2B) , whereas a dose-dependent increase in 7ND MCP-1 protein was observed in Western blot analysis using cytoplasmic proteins of THP-1 with lipid-mediated gene transfer of 7ND plasmid (Fig. 2B, lanes 2 and 3) .
We reported that the intramuscular injection of 7ND plasmid efficiently prevented recombinant MCP-1-mediated intradermal infiltration of monocytes, thus indicating that the 7ND transgene products functioned well (7). However, little information is available regarding the required transgene expression level of 7ND MCP-1 compared with endogenous wild (rat) MCP-1 expression [untreated control plasma: 83.3 Ϯ 19.9 pg/ml (n ϭ 2)]. At various time points after gene transfer, we assessed the protein expression level of 7ND MCP-1 in plasma (days 3, 10, and 17) and muscles (day 5) in rats given an intramuscular gene transfer using human MCP-1-specific ELISA systems (Table 1) . In plasma samples of all experimental groups, however, human sequence-specific 7ND MCP-1 protein was significantly detected only in the EP group on days 3 and 10 (P Ͻ 0.01). More than 18-fold higher 7ND MCP-1 protein was also obtained in the muscular tis- Fig. 3 . A: typical macroscopic view of a ventricular cross section of the rat heart. An enlarged RV and shifted septum (S) to the left ventricle (LV) in the heart of the MCT-injected rat (middle) are apparent. Note that these are not obvious in the heart treated with 7ND (right), similar to findings in the untreated control heart (left). B-D: measurements of RV systolic pressure (RVSP; B), the wet weight RV-to-LV ϩ S ratio (RV/LVϩS; C), and the percent wall thickness of pulmonary arterioles (D). Data were analyzed by one-way ANOVA. *P Ͻ 0.05 vs. the MCT group; **P Ͻ 0.01 vs. the MCT group; ***P Ͻ 0.001 vs. the MCT group. E and F: scattered plot analyses to determine the relationships between RVSP vs. the percent wall thickeness of pulmonary artrerioles (E) or RV/LV ϩ S vs. the percent wall thickeness of pulmonary artrerioles (F). Both graphs indicate significant relationships among these parameters. sue in case of electroporation than that with naked DNA injection (P Ͻ 0.01). These findings suggested that in vivo electroporation enhanced not only transgene expression in skeletal muscle but also plasma levels of 7ND MCP-1 protein.
Therapeutic Effects of 7ND MCP-1 Gene Transfer
We then assessed the therapeutic effects of 7ND MCP-1 gene transfer by assessing RV systolic pressure (RVSP) via direct needle puncture connected to a clinically available pressure meter. The hearts were harvested, and the wet weight was recorded [RV-to-left ventricle ϩ septum (LV ϩ S) ratio]. The lung was histopathologically and immunohistochemically examined for macrophage infiltration. 28 . The ED1-positive cells (brown-labeled cytoplasm, arrows), indicating macrophages and monocytes, infiltrated into the alveolar spaces (original magnification ϫ400). B: ED1-positive cells were counted at the same nine high-power fields (ϫ400) in the lung of each animal, and the total cell number was expressed. Data were analyzed using one-way ANOVA. *P Ͻ 0.05 vs. the MCT group; **P Ͻ 0.01 vs. the MCT group.
[7NDϫ2: 60.4 Ϯ 14.5 mmHg (n ϭ 11), P Ͻ 0.01; EP: 63.6 Ϯ 17.4 mmHg (n ϭ 9), P Ͻ 0.05; Fig. 3B ].
The degree of RV hypertrophy was determined by assessing the wet weight RV-to-LV ϩ S ratio (Fig. 3 , A and C). On day 21, no significant difference was observed among groups tested [C: 0.39 Ϯ 0.06 (n ϭ 8); 7ND: 0.38 Ϯ 0.06 (n ϭ 7), P ϭ 0.801; EP: 0.34 Ϯ 0.05 (n ϭ 6), P ϭ 0.073]. On day 28, the RV-to-LV ϩ S ratios of the all 7ND-treated groups were significantly decreased [7ND: 0.49 Ϯ 0.06 (n ϭ 19), P Ͻ 0.05; 7NDϫ2: 0.47 Ϯ 0.07 (n ϭ 12), P Ͻ 0.01; EP: 0.48 Ϯ 0.07 (n ϭ 14), P Ͻ 0.01] compared with findings in the MCT group [0.54 Ϯ 0.05 (n ϭ 19); Fig. 3C] .
On day 28, medial hypertrophy of pulmonary arterioles was significantly reduced in all 7ND-treated groups [7ND: 19.2 Ϯ 3.5% (n ϭ 8), P Ͻ 0.01; 7NDϫ2: 20.2 Ϯ 5.5% (n ϭ 8), P Ͻ 0.05; EP: 15.4 Ϯ 3.4% (n ϭ 8), P Ͻ 0.001] compared with findings in the MCT group [27.3 Ϯ 4.5% (n ϭ 8); Fig. 3D ]. To confirm the physiological significance and relationships among these parameters, we made scattered plot analyses. As shown in Fig. 3 , E and F, medial hypertrophy of pulmonary arterioles significantly correlated to the RVSP and RV-to-LV ϩ S ratio (P Ͻ 0.01, respectively). 7ND MCP-1 improves the mortality rate of MCTinduced PH rats. As shown in Fig. 5 , 10 of 25 rats in the MCT group were dead by day 21 (n ϭ 1) and day 28 (n ϭ 9) spontaneously (overall survival rate on day 28: 15/25 ϭ 60.00%), and 5 rats in the Lucif group were also dead by day 21 (n ϭ 1) and day 28 (n ϭ 3; overall survival rate on day 28: 5/9 ϭ 55.56%). Meanwhile, in the three 7ND-treated groups, eight rats died spontaneously by day 28 (7ND: n ϭ 4; 7NDϫ2: n ϭ 2; EP: n ϭ 2). Survival analyses for each group showed that 7ND-treated groups had a significantly improved survival rate (overall survival rate on day 28: 7ND, 22/26 ϭ 84.62%, P Ͻ 0.05 vs. the MCT group; 7NDϫ2, 19/21 ϭ 90.48%, P Ͻ 0.05 vs. the MCT or Lucif group; EP, 19/21 ϭ 90.48%, P Ͻ 0.05 vs. the MCT or Lucif group; Fig. 5 ).
DISCUSSION
Monocyte/macrophage recruitment to inflammatory foci releases various cytokines, growth factors, and chemokines, including MCP-1, resulting in the initiation and/or progression of various diseases via the autocrine/paracrine loop. Recent studies have suggested that recruitment of monocyte/macrophage plays a role not only for MCT-induced PH in rats (10, 20, 21) but also for various human diseases, including primary PH (23) . Therefore, we tested a skeletal muscle-directed gene transfer approach, which was shown to be effective in preventing systemic MCP-1 activity (7), to determine whether it would be applicable in a rat model of MCT-induced PH.
We found that in all 7ND-treated groups, disease progression was significantly suppressed and survival rates improved, and thus we concluded that this approach is likely to be a strategy to treat diseases related to inflammatory consequences associated with MCP-1 activity. Furthermore, to address the therapeutic effect of this strategy more precisely, we used two additional groups, including duplicate DNA injection to prolong transgene expression and electroporationmediated muscular gene transfer to enhance transgene expression. No significant differences were observed among these 7ND-treated groups, suggesting that the neutralizing effect of 7ND for endogenous MCP-1 seems not to largely depend on the duration and strength of the transgene expression.
Regarding the level of transgene expression, electroporation showed a constantly higher transgene expression when using the luciferase reporter gene and a higher exogenous gene product level in muscle and plasma than seen in the case of single or duplicate injections ( Fig. 2A and Table 1 ). Regarding the therapeutic outcome, however, no significant differences were found in almost all parameters among these groups when using the same therapeutic gene in vivo (Figs. 3 , B and C, and 4B). The exact reason is unclear, but one possible explanation may be that 7ND MCP-1 expression was still too low, even in the EP group, to prevent disease progression completely. To assess this more confidentially, we also did another set of experiments to achieve a higher level of 7ND MCP-1 gene transfer to the respiratory tract using a more efficient This notion is supported by findings indicating the requirement of a Ͼ30 times greater molar ratio of 7ND MCP-1 for 50% inhibition of MCP-1 activity in vitro (Ref. 26 and our unpublished observations). However, this seems not to be likely because, if these in vitro findings are comparable in in vivo situations, a 15 times higher therapeutic gene expression should be more effective. Another explanation is that the biological effect of 7ND MCP-1 may be independent of plasma concentrations. C-C chemokines, including MCP-1, are locally stored via binding to glycosaminoglycans in vivo (16) , suggesting that the lower transgene expression of 7ND might be sufficient to prevent MCP-1 activity. This was supported by our previous data indicating that intramuscular plasmid-mediated 7ND injection could inhibit Ͼ80% of recombinant MCP-1 activity in the skin in vivo (7, 13) . These kinetic studies of antagonistic effects of 7ND MCP-1 in vivo should be clarified further in the near future.
One more important question is also raised: Does MCP-1 play a role in the initiation and/or progression during MCT-induced PH disease? Although Cowan et al. (5a) reported that elastase inhibitor treatment could reverse established PH, 7ND gene administration could not do so in case of established PH (data not shown). These results suggest that elastase activity may be important during the whole process of MCTinduced PH, whereas MCP-1 might contribute to early but not to late disease initiation or progression in a rat model of MCT-induced PH. This notion seems reasonable because the endogenous MCP-1 level in the plasma showed a peak level 7 days after the MCT injection and declined within 2 wk (10), suggesting that later blockade of the MCP-1 signal pathway is likely to be without effect. However, suppression of early MCP-1 activity may affect the later disease phenotype, because suppression of ED1-positive cell infiltration in the lung was evident in all 7ND treatment groups. Therefore, early inhibition of MCP-1 signaling may prevent the autocrine/paracrine recruitment of monocytes/macrophages in a diseased lung.
In addition, timing of the gene transfer needs to be reconsidered. We injected the 7ND MCP-1 gene at the same time as MCT administration because, as mentioned above, it was seen that the plasma endogenous MCP-1 level showed a peak level 1 wk later. Because transgene expression via the intramuscular route showed a peak 3-5 days later, this gene transfer protocol might not prevent early MCP-1 activity.
In conclusion, intramuscular gene transfer of 7ND MCP-1 cDNA suppressed disease progression of MCTinduced PH and improved the survival rate. These results showed that monocyte/macrophage recruitment and the systemic MCP-1 signal pathway contribute to progression of this disease. Although kinetic studies including the level and duration of transgene expression as well as the timing of gene transfer are needed, this approach can be considered for use to block the systemic MCP-1 signal pathway and to treat subjects with PH. Most importantly, more informations regarding that inflammatory process in the initiation and/or progression of human PH subjects should be obtained in the near future. A SMALL PEPTIDE hormone arginine vasopressin (vasopressin), also known as antidiuretic hormone, is secreted from the neurohypophysis and plays a pivotal role in osmoregulation and water metabolism (1). Deficient vasopressin secretion results in central diabetes insipidus (CDI) with marked polyuria at an amount of more than 10 liters/d. Gene therapy with sustained expression of vasopressin may achieve long-term remission of this disease and can be used instead of the daily repeated replacement of vasopressin analog.
In contrast to GH or other protein deficiencies (2-5), there are very few reports on gene therapy for CDI. Geddes et al. (6, 7) carried out a pioneering work, showing that the direct injection of adenovirus encoding vasopressin cDNA into the supraoptic nuclei of the hypothalamus of Brattleboro rats, an animal model of hereditary CDI, improved polyuria. This strategy, however, cannot be applicable clinically, because, unlike the Brattleboro rat in which vasopressin-secreting neurons are exceptionally preserved (8, 9) , the homologous neurons are lost or degenerated in patients with CDI (10, 11) . In addition, the induction of viral vectors into the human central nervous system does not appear safe or practical. Our aim of this work is to obtain bioactive vasopressin from nonneuronal tissues using a simpler and more feasible approach. When the vasopressin gene is to be introduced into heterologous cells, on the other hand, we face another obstacle, namely, that the processing of vasopressin peptide is deficient in nonendocrine cells. Like many other neuropeptide hormones, the bioactive nonapeptide form of vasopressin is generated from a large precursor, provasopressin, at the paired basic amino acid residues (-11 Lys-12 Arg-) by specific endopeptidase, such as prohormone convertase (PC) 1/3 or PC2, yielding neurophysin II which is a vasopressinbinding protein, and glycoprotein (12) (13) (14) (15) (Fig. 1A) . Indeed, the vasopressin precursor protein expressed in nonendocrine cells is not appropriately processed (16) , probably because of the lack of a processing enzyme(s).
To overcome these limitations, we developed several strategies for expressing bioactive vasopressin even in heterologous nonendocrine cells. We succeeded in showing that mature-sized bioactive vasopressin can be produced efficiently in nonendocrine cells using mutated vasopressin cDNA, in which the amino acid sequences between vasopressin and neurophysin II were altered to be processed by a ubiquitous endoprotease, furin (17) . In addition, we normalized the urine volume of the Brattleboro rats by direct im introduction of the furin-processible vasopressin gene using a potent nonviral in vivo gene delivery system, electroporation (18 -21) , because skeletal muscle is an excellent target tissue for transgene expression (22) (23) (24) . The achievement of constitutive processed neuropeptide secretion by muscle-targeted gene delivery paves the way for clinical application of gene therapies for CDI and various other hormone deficiencies.
Materials and Methods
RT-PCR
primers used were: for mouse AtT20 cells, PC1/3, forward 5Ј-TT-GGCTGAAAGGGAAAGAGAT-3Ј, reverse 5Ј-ACTTCTTTGGTGATT-GTTTTG-3Ј; PC2, forward 5Ј-GATCCTCTTTTTACAAAGCA-3Ј, reverse 5Ј-AGCACTGTCAGATGTTGCAT-3Ј; furin, forward 5Ј-CCA-GTTTTGACGTGAATGACC-3Ј, reverse 5Ј-ATGGAGCCCAGCCCTC-CTCG-3Ј; for rat GH 3 and L6 cells, PC1/3, forward 5Ј-GTTGGCTGAAAG-GGAAAGGGAT-3Ј, reverse 5Ј-GAATCTTTGATGATTGCTTTGA-3Ј; PC2, forward 5Ј-GATCCTCTTTTTACAAAGCA-3Ј, reverse 5Ј-AGCACTGT-CAGATGTTGCAT-3Ј; furin, forward 5Ј-CCAGCTTTGATGTCAAT-GACC-3Ј, reverse 5Ј-ATGGAGCCCAGCCCTCCGCG-3Ј; for COS1 and JEG3 cells, PC1/3, forward 5Ј-TTGGCTGAAAGAGAACGGAT-3Ј, reverse 5Ј-ACTTCTTTGGTGATTGCTTTG-3Ј; PC2, forward 5Ј-GATC-CTCTTTTTACAAAGCA-3Ј, reverse 5Ј-AGCACAGTCAGATGCTG-CAT-3Ј; furin, forward 5Ј-AAGTTTCCTCAGCAGTGGTA-3Ј, reverse 5Ј-TTGTCATTCATCTGTGTGTACC-3Ј.
Plasmid construction
A wild-type (WT) vasopressin expression vector was constructed by inserting the rat vasopressin cDNA into pRc/RSV expression vector (CLONTECH, Palo Alto, CA). Furin-processible vasopressin expression vector (AVP/Fur) was made from WT by site-directed mutagenesis technique. CAG promoter-driven expression vector (pCAGGS/AVP/ Fur) was constructed by inserting the AVP/Fur cDNA into pCAGGS expression vector (kindly provided by Prof. Miyazaki, Osaka University, Osaka, Japan) (25) . PC1/3 and PC2 expression vectors were made by inserting the mouse PC1/3 or PC2 cDNA (kindly provided by Dr. Mains, Johns Hopkins University, Baltimore, MD) (26) into a pRc/CMV expression vector (CLONTECH).
Cell culture and transfection
AtT20, GH 3 , JEG3, COS1, L6, and LLC-PK1 cells were maintained with standard cell culture techniques. For transient expression, cells were plated in 35-mm-diameter culture dishes, and each vector was transfected using TransIT reagent (Mirus, Madison, WI). On the next day, the culture medium was changed to serum-free medium, and vasopressin secreted into the medium for 10 h was used for the subsequent analyses. Three separate dishes were used for each experimental condition. In most of the experiments, ␤-galactosidase expression vector was used as an internal control. For stable transfection, L6 cells were transfected with pCAGGS/AVP/Fur using TransIT reagent. After selection with G418 (Geneticin, Invitrogen), clonal cell lines expressing vasopressin were selected, and the representative cell lines, designated as L6VP, were used for the subsequent experiments.
Gel filtration chromatography
Two milliliters of each culture medium from the transfected cells, or standard vasopressin (Peptide Institute, Osaka, Japan), was loaded and filtrated through a P-10 column (Bio-Rad, Hercules, CA) using a 4% acetic acid solution containing 0.1% BSA as a filtration buffer. Each fraction (8.0 ml each) was vacuum-dried, resuspended with assay buffer, and then applied for vasopressin RIA.
Vasopressin bioassay in vitro
LLC-PK1 cells were plated in 35-mm-diameter dishes and transfected transiently with cAMP response element (CRE ϫ 5)-luciferase reporter gene using TransIT reagent. After 48 h, the cells were incubated for 5 h with serum-free medium containing standard vasopressin. The vasopressin bioactivity was determined by luciferase assay (27) . Three separate dishes were used for each experimental condition. The same protocol was performed when the serum-free culture medium derived from vasopressin-expressing cells containing immunoreactive vasopressin (500 pg/ml, determined by RIA) with or without 1.0 g/ml OPC31260 (provided by Otsuka Pharmaceutical Co., Tokyo, Japan) (28, 29) , or control serum-free medium incubated with nontransfected cells was used. Each value obtained was normalized by the protein amount of the corresponding cell extract.
Animal experiments
Twenty-week-old male Brattleboro rats (kindly provided by Prof. Yamaoka, Dokkyo University, Tochigi, Japan) were used. All rats were kept under controlled lighting conditions (light, 0900 h; dark, 2100 h) and constant temperature (21 C). Animal surgery and care were in accordance with the Nagoya University institutional guidelines complying with the National Institutes of Health policy. For estimating in vivo bioactivity of vasopressin derived from the transfected cells in vitro, Brattleboro rats (n ϭ 4 in each group) received a sc injection of culture medium (3 ml, 12 h incubation) derived from JEG3 or COS1 cells transiently transfected with AVP/Fur using LipofectAMINE PLUS (Invitrogen), or control medium incubated with nontransfected cells. Each rat was then placed in a metabolic cage for 2 h without water or food, and urine volume was determined by enforced urination every 30 min. For transplantation experiments, Brattleboro rats (n ϭ 3 in each group) were sc transplanted with L6VP (1.2 ϫ 10 8 ) cells with or without OPC31260. In the OPC-treated group, each rat received an ip injection of OPC31260 (10 mg/kg body weight, 1% in dimethylsulfoxide) on the d 4 or 6 after transplantation. As the control, Brattleboro rats (n ϭ 3) transplanted with nontransfected L6 cells (1.2 ϫ 10 8 ) were used. During these experiments, each recipient rat was housed in an individual metabolic cage, and daily urine volume and water intake, normalized by body weight, were determined. Food and water were available ad libitum. Urine osmolality was measured by OSMOSTAT OM6040 (ARKRAY, Shiga, Japan).
Electric pulse delivery and electrodes
Electric pulses were delivered using an electric pulse generator (Square Electroporator CUY 21 EDIT; NEPA GENE Co. Ltd., Ichikawa, Japan). Brattleboro rats (n ϭ 3-4 in each group) were anesthetized with diethylether, and an approximately 5-cm incision was made in the skin of the left hind limb. pCAGGS-AVP/Fur or control vector (pCAGGS) (60 Arg-) by specific endopeptidases, resulting in a bioactive nonapeptide vasopressin. B, RT-PCR analyses of the endopeptidases PC1/3, PC2, and furin expression in a variety of cells/tissues used in this study. PC1/3, a neuroendocrine-specific endopeptidase, is expressed in GH 3 and AtT20 but not in other nonendocrine cells/tissues. In contrast, a ubiquitous endopeptidase furin is expressed in all cell lines examined.
g/site, 1 mg/ml in saline) was injected into the left anterior tibial and soleal muscles with a 27-gauge needle centered between a pair of stainless electrode needles (5 mm in length and 0.4 mm in diameter, with a fixed distance of 5 mm between them). Total plasmid amount per rat was 5 g/g body weight. Immediately after plasmid injection, four pulses of 100 V, 50 msec, followed by four more pulses of the opposite polarity, were administered to each injection site at a rate of 1 pulse/sec. Each rat was then housed in an individual metabolic cage, with food and water available ad libitum. Daily urine volume and water intake were determined, and were normalized by body weight. Expression of vasopressin mRNA in injected muscle was analyzed by RT-PCR after deoxyribonuclease treatment. The PCR primers used were: forward 5Ј-GCCAG-GAGGAGAACTACCTG-3Ј, reverse 5Ј-ACCAGCCTAAGCAGCAG-CTC-3Ј.
Vasopressin RIA
For the determination of tissue vasopressin, the electroporated muscle was homogenized with 0.1 n HCl and centrifuged, and the suprernate was extracted by Sep-Pak C 18 column (Waters Associates Inc., Milford, MA) (30) . For plasma vasopressin, rats were decapitated and trunk blood was collected in chilled tubes containing EDTA-2K. After immediate centrifugation, plasma was separated and vasopressin was extracted as mentioned above. Vasopressin was determined by a highsensitive RIA kit (Mitsubishi Chemical Co., Tokyo, Japan) (31). The sensitivity of assay for arginine vasopressin was 0.063 pg/tube, with less than 0.01% cross-reactivity with oxytocin or lysine vasopressin.
Statistical analysis
All of the experiments were carried out more than twice to confirm the reproducibility, and the representative data are presented. Data are expressed as means Ϯ sem. Statistical comparison between the groups was made by one-way ANOVA with Fisher's multiple range test. Differences were considered significant at P Ͻ 0.05.
Results
Processing profiles of vasopressin expressed in endocrine or nonendocrine cells
First, we found by RT-PCR that the putative enzyme(s) for vasopressin processing, PC 1/3 and/or PC2, are expressed in GH 3 rat somatomammotroph and AtT20 mouse corticotroph cells but not in COS1, JEG3, and L6 cells (Fig.  1B) . When WT rat vasopressin cDNA expression vector was introduced, fully processed immunoreactive vasopressin, analyzed by gel filtration chromatography, was released from AtT20 cells (Fig. 2, A and B) . In contrast, when WT expression vector was introduced into JEG3 and COS1 cells, vasopressin was not appropriately processed (Fig. 2, C , D, G, and H). In these cell lines, however, when PC1/3 expression vector was coexpressed, the processing profile was dramatically improved and vasopressin was secreted more efficiently (Fig. 2, C , E, G, and I). Coexpression of PC2 was not effective (Fig. 2, C , F, G, and J). Thus, simultaneous expression of peptide hormone and its specific processing enzyme is one of the methods for producing appropriately processed final products. Our data also suggest that PC1/3, but not PC2, is the enzyme re- 
sponsible for the processing that occurs between vasopressin and neurophysin II.
Processing profiles of vasopressin transfected with furinprocessible provasopressin gene
We also tried an alternative approach using modified provasopressin cDNA, in which the vasopressin and neurophysin II junction was altered to a tetra basic furin cleavage site (Fig. 3A) . When the modified expression vector (AVP/Fur) was introduced into JEG3 or COS1 cells that express furin (Fig. 1B) , a more efficient vasopressin secretion with a markedly improved processing profile was obtained (Fig. 3, B-E) , compared with WT (Fig. 2, D and H) .
Assessment of vasopressin bioactivity in vitro and in vivo
The bioactivity of secreted vasopressin in both strategies was confirmed using both in vitro and in vivo bioassay systems. LLC-PK1, renal epithelial cells known to express V2 vasopressin receptor (32) , were treated with culture medium containing expressed vasopressin, and the bioactivity was monitored by cAMP/protein kinase A-stimulated CRE-luciferase reporter gene expression (Fig. 4A) . The efficacy of this system was validated by standard vasopressin peptide (Fig. 4B) . Vasopressin derived from WT or AVP/Fur in all cell lines stimulated CRE-luciferase activity, compared with 
FIG. 4. Assessment of vasopressin bioactivity in vitro.
A, Scheme of the in vitro vasopressin bioassay system using LLC-PK1 cells expressing the intrinsic vasopressin V2 receptor. The degree of receptor stimulation is estimated by the CRE (ϫ5)-driven luciferase activity instead of directly measuring cAMP production. B, Dose-response effect of standard vasopressin (100, 200, 500 pg/ml) on the above system. C-E, The bioactivity of vasopressin secreted from the WT or AVP/Fur transfected cells in vitro. LLC-PK1 cells transfected with CRE-luciferase reporter gene were treated with the test medium containing 500 pg/ml of immunoreactive vasopressin (iAVP) that were derived from WT or AVP/Fur transfected cells, or control medium (C; medium from nontransfected cells) for 5 h. AtT20 transfected with WT vector (C); JEG3 cells transfected with either WT or AVP/Fur vector (D); COS1 cells transfected with either WT or AVP/Fur vector (E). F and G, The effect of selective V2 receptor antagonist, OPC31260, on the above vasopressin bioassay system. LLC-PK1 cells expressing CRE-luciferase reporter gene were treated with control medium or test medium (containing 500 pg/ml of iAVP derived from JEG3 transfected with AVP/Fur) with or without 1.0 g/ml OPC31260 (F). A similar experiment in COS1 cells (G). Data are mean Ϯ SEM (n ϭ 3 in each group). *, P Ͻ 0.05 vs. control. the nontransfected control medium. Notably, AVP/Fur-derived vasopressin showed higher bioactivity than vasopressin derived from WT in JEG3 or COS1 cells, probably because of the improved processing efficiency (Fig. 4, D and E) . We confirmed that these enhancements were completely inhibited after the treatment with the selective V2 receptor antagonist OPC31260 (Fig. 4, F and G) , indicating that the secreted vasopressin increased the CRE-luciferase activity via the V2 receptor. Furthermore, when the AVP/Furderived culture medium was sc injected into Brattleboro CDI rats, the cumulated urine volume was markedly suppressed (Fig. 5) . Collectively, these data indicate that AVP/Furderived immunoreactive vasopressin expressed in nonendocrine cells is physiologically bioactive both in vitro and in vivo.
Antidiuretic effect of vasopressin-expressing L6 myoblasts
We then attempted to express vasopressin in live animals using nonviral in vivo gene delivery techniques. We selected skeletal muscle as the target organ to obtain bioactive vasopressin in vivo. To achieve higher levels of expression, we constructed a new expression vector, pCAGGS-AVP/Fur, in which AVP/Fur cDNA was driven by a more potent CAG promoter in myocytes (21, 25) (Fig. 6A) . We confirmed that the expression vector indeed produced vasopressin more efficiently (Ͼ20-fold) than did RSV-AVP/Fur in the L6 rat skeletal muscle cell line (Fig. 6B) . When L6VP cells in which pCAGGS-AVP/Fur were stably transfected were sc transplanted into Brattleboro rats, polyuria and polydipsia were significantly improved toward an almost normal range, accompanied with a marked increase of urine osmolality; in contrast, these parameters were not changed in L6 cell-transplanted control rats (Fig. 6, C-E) . Moreover, the antidiuretic effect was blocked by the administration of OPC31260 for about 24 h, and this inhibition was reversed on the next day (Fig. 7) , suggesting that the V2 receptor is responsible for the antidiuresis of L6VP-derived vasopressin, and the combination of V2 antagonists may prevent the water intoxication. Afterwards, this antidiuretic effect returned to the initial level without immunosuppressive drugs. However, these data indicate that myocyte-derived immunoreactive vasopressin exerts a potent antidiuretic effect via the V2 receptor as well as authentic vasopressin.
Antidiuretic effect of vasopressin expressed in the skeletal muscle of Brattleboro rats
Finally, an electroporation technique was applied to deliver the vasopressin expression vector into skeletal muscles in vivo. After direct introduction of pCAGGS-AVP/Fur plasmid into unilateral (left) tibial and soleal muscles of Brattleboro rats by electroporation, the daily urine volume and water intake significantly decreased compared with control DI rats, to which control vector (pCAGGS) was introduced with electroporation (Fig. 8, A and B) . Urine osmolality increased by up to 3-fold, compared with that of control (pCAGGS) rats. The antidiuretic effect was maintained for approximately 3 wk, and returned to the preinjection level on (Fig. 9, A and B) . In the latter analysis, we observed substantial amounts of immunoreactive vasopressin in the muscle tissue 7 d after electroporation (384 Ϯ 39 pg/g wet tissue), but not in the control (pCAGGS) rats (Fig. 9B ). In addition, we observed a physiological concentration of plasma vasopressin in pCAGGS-AVP/Fur-introduced rats 7 d after electroporation (3.03 Ϯ 0.66 pg/ml), compared with an almost undetectable level (0.06 Ϯ 0.04 pg/ml) in the control rats (Fig. 9C) . Collectively, we clearly demonstrated that nonendocrine cells such as myocytes can produce bioactive small peptide hormones like vasopressin in vivo.
Discussion
Gene therapies for supplying proteins to deficient patients are currently undergoing steady progress (33) (34) (35) . In this paper, we tried to apply a nonviral gene transfer technique for the replacement therapy of small peptide hormones like arginine vasopressin. Our data clearly show that bioactive vasopressin can be produced efficiently even in nonendocrine cells both in vitro and in vivo so that fibroblast-or myocyte-derived vasopressin is enough to substitute for the degenerative vasopressinergic neurons of CDI patients. When the modified furin-processible gene was introduced into skeletal muscle of the hereditarily vasopressin-deficient Brattleboro rat, polyuria was markedly improved, promising the feasibility of these techniques to gene therapy for human CDI. Furthermore, the successful production of processed bioactive peptide hormones in nonendocrine cells/tissues is applicable to the replacement therapy of other peptide hormones.
The vasopressin gene encodes preprovasopressin, which consists of a signal peptide, neurophysin II, and glycoprotein, as well as vasopressin. After the removal of the signal peptide, provasopressin is further processed into the three end products by neuroendocrine cell-specific endoprotease PC1/3 or PC2. Both enzymes associate with the processing of proopiomelanocortin (36) , proinsulin (37) , and proglucagon (38) . In nonendocrine cells without these enzymes, appropriately processed mature vasopressin is not produced, even though the vasopressin gene is efficiently expressed (16) . We showed that coexpression of PC1/3, but not PC2, facilitated the processing between vasopressin and neuro- physin II, resulting in improved secretion of immunoreactive vasopressin of an appropriate size even in nonendocrine cells. Alternatively, we constructed a modified vasopressin gene, the protein product of which is made processible by the ubiquitous endoprotease furin. This strategy is also effective, producing vasopressin much more efficiently than the WT gene. In this approach, the immunoreactive vasopressin is bioactive as well, as confirmed by both in vivo and in vitro assays. Thus, small peptide hormones like vasopressin can be produced in nonsecretory cells by either technique, i.e. coexpression of the target protein with its processing enzyme, or modification of hormone precursor genes into a processible form. The latter strategy has already been successfully applied for insulin gene expression (39 -41) . In addition, our data suggest that PC1/3 is the enzyme mainly responsible for the processing between vasopressin and neurophysin II. The mRNA of PC1/3 is known to colocalize with vasopressin mRNA in the magnocellular neurons of the hypothalamus (13) .
Successful clinical applications of gene therapy rely on efficiencies in gene delivery, simplicity, safety, and duration of expression. The advantages of nonviral vectors over viral vectors are lower toxicity, lower immunogenicity, simplicity of use, and ease of large-scale production (34) . Electroporation in vivo into skeletal muscle is more than 100-fold efficient compared with simple naked DNA injection (21) , and successful gene delivery has been reported in a variety of cells and/or tissues (42) (43) (44) . Moreover, skeletal muscle has the advantage of accessibility for gene delivery. The electroporation strategy in this study worked well and improved the polyuria of CDI rats for 3 wk. We performed electroporation with low-voltage and long-pulse currents, which is a highly efficient condition for gene transfer according to previous reports (21, 22) . The duration of the effect of in vivo vasopressin expression was unexpectedly long, maintaining the improvement of polyuria for approximately 3 wk after a single electroporation procedure. Moreover, after the introduction of the expression vector, the plasma vasopressin concentration was within the physiological range, indicating that the myocyte-derived vasopressin can exert a similar bioactivity in vivo as does native vasopressin. Our data suggest that the expression of the processible form of vasopressin in skeletal muscle is a potential approach for long-term remission of CDI.
Implantation of L6VP cells exerted potent antidiuresis, but these cells were finally rejected with no immunosuppressive agents, suggesting that additional method(s) to prevent immunorejection would be necessary. Previous works have shown that the transplantation of bioengineered cells for supplying the desired gene products is a successful approach for gene therapy (2, 3, 45) . For clinical application, the microencapsulation technique may be used for this purpose and also for preventing spreading of the transplanted cells (46). Alternatively, immunorejection may be avoided by use of host-derived myoblasts, fibroblasts, or even differentiated stem cells transfected ex vivo with therapeutic gene constructs and subsequent reimplantation (47-50).
Finally, we have recognized that diabetes insipidus is a convenient model system for developing gene/cell therapy. Vasopressin is known to be effective for causing antidiuresis with very low plasma concentration (0.5-5 pm). The efficacy can be assessed easily, by the decrease in urine volume or the increase in urine osmolality, using the Brattleboro rat, or also probably the normal rat, if water loading is carried out. Furthermore, for clinical application, a relatively small amount of vasopressin is enough to decrease the daily urine volume to a convenient range. One remaining problem is that we cannot regulate the degree of plasma vasopressin when the vasopressin gene is constitutively expressed either in the transfected cells or in muscle. In the present study, we showed that the antidiuretic effect by expressed vasopressin was effectively inhibited by the selective vasopressin V2 receptor antagonist OPC31260, which is a nonpeptidic and orally effective agent (28, 29) . Thus, the administration of V2 antagonists may be a useful approach to avoid water intoxication or regulate the urine volume under continuous vasopressin replacement. Overall, the strategies tested in this study using the DI rat will be helpful for future gene therapies for a variety of hormone deficiencies.
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Protection Against Autoimmune Myocarditis by Gene
H uman myocarditis can be classified into lymphocytic myocarditis and giant cell myocarditis according to histopathological findings. Giant cell myocarditis is a fatal disease, and survivors are more likely to develop dilated cardiomyopathy than patients with lymphocytic myocarditis. 1, 2 The efficiency of immunosuppressive therapy for this disease is controversial. 1, 2 In a rat model in which myocarditis was induced by purified cardiac myosin, T cells were reported to play an important role in inducing myocarditis. [3] [4] [5] Immune dysfunction associated with autoimmune disease may be related to an imbalance between T helper type 1 and 2 cells. 6 The T helper type 2-associated cytokine interleukin (IL)-10 has a variety of immunomodulatory properties, including the inhibition of T helper type 1 cells and the production of proinflammatory cytokines. 7, 8 Recent reports have suggested that the immunosuppressive effects associated with IL-10 are effective in suppressing the rejection of transplanted organs and immune complex diseases, and clinical trials of IL-10 have been performed in patients with these disorders. 9, 10 Electroporation has been widely used to introduce DNA into various types of cells in vitro. Gene transfer by electroporation in vivo has been effective for introducing DNA into mouse skin, chick embryos, rat liver, and murine melanoma and muscle. [11] [12] [13] We previously showed that gene transfer into muscles by electroporation in vivo can be used to deliver cytokines systemically. 13, 14 In the present study, we applied this method for the delivery of IL-10 in a rat model of autoimmune myocarditis.
Methods Animals
Nine-week-old male Lewis rats were injected with the antigenadjuvant emulsion in their foot pads according to the procedure described previously. [3] [4] [5] The morbidity of experimental autoimmune myocarditis was 100% in rats immunized by this method. [3] [4] [5] Throughout the studies, all animals were treated in accordance with the guidelines for animal experiments of our institute. 5 
Construction of Mouse IL-10 Expression Vector
Mouse IL-10 (mIL-10) cDNA cloned by polymerase chain reaction was inserted into the unique Xho I site between the cytomegalovirus immediate early enhancer-chicken ␤-actin hybrid promoter and rabbit ␤-globin poly A site of the pCAGGS expression plasmid. 13, 14 The resulting plasmid, pCAGGS-IL-10, was grown in Escherichia coli DH 5␣ and prepared using plasmid purification columns (EndFree plasmid giga kit; Qiagen). The plasmid DNA was dissolved in a buffer (10 mmol/L Tris-HCl and 1 mmol/L EDTA; pH 8.0). The purified plasmid DNA was stored at Ϫ20°C and diluted to 4 g/L with phosphate-buffered saline (pH 7.4) immediately before use.
Intramuscular DNA Injection and Electroporation
Rats were anesthetized with diethyl ether. Aliquots of 50 L of plasmid DNA (pCAGGS-IL-10 or control pCAGGS) at 4 g/L in phosphate-buffered saline were injected 4 times (total amount of DNA was 800 g per rat) into the bilateral tibialis anterior muscles using a disposable insulin syringe with a 27-gauge needle. 13 A pair of electrode needles with a gap of 5 mm were inserted into the muscle to a depth of 5 mm to encompass the DNA injection sites, and electrical pulses were delivered 4 times at 100 V using an electrical pulse generator (Electro Porator CUY21; TR Tech). 13 
Treatment Protocols
Protocol 1: Time Course of Changes in Serum mIL-10 Levels After Administration of mIL-10 Plasmid to Normal Rats
Single Administration of mIL-10 Plasmid
The mIL-10 expression plasmid pCAGGS-IL-10 was transferred once at a dose of 800 g per rat into the tibialis anterior muscles of normal Lewis rats (nϭ5) by electroporation in vivo, and the serum mIL-10 levels were monitored. The time course of changes in serum mIL-10 levels was examined on days 0, 2, 4, 6, 8, 10, and 14 after transfer of pCAGGS-IL-10 using an ELISA kit (Endogen).
Administration of mIL-10 Plasmid 3 Times
The mIL-10 plasmid was administered 3 times to normal rats (nϭ5). After the first injection of mIL-10 plasmid, second and third injections were added on days 10 and 20. Serum mIL-10 levels were examined on days 6, 16, and 26.
Protocol 2: Preventive Effects of mIL-10 Plasmid Administration in Myocarditis
Lewis rats were inoculated with pig myosin (day 0). The results of protocol 1 indicated that the serum levels of mIL-10 were enhanced to Ͼ50 pg/mL until day 10 after mIL-10 plasmid administration. pCAGGS-IL-10 (at a dose of 800 g per rat) was administered 3 times (5 days before immunization and on days 7 and 14) to rats (group IL-10; nϭ15), and controls received empty pCAGGS (group V; nϭ15). Lewis rats without any treatment were used as agematched normal controls (group N; nϭ10).
Myocardial histopathology and hemodynamic parameters were examined on day 21 as described previously. 5 Briefly, rats were anesthetized with 2% halothane in O 2 during surgical procedures, and then the halothane concentration was reduced to 0.5% to minimize hemodynamic effects. Mean blood pressure, central venous pressure, peak left ventricular pressure, left ventricular end-diastolic pressure, and dP/dt were recorded as described previously. 5 The heart weight was measured, and the ratio of heart weight to body weight (g/kg) was calculated. After embedding in paraffin, several transverse sections were cut from the mid-ventricle slice and stained with hematoxylin-eosin and Azan-Mallory.
Statistical Analysis
Data are presented as meanϮSEM. Statistical analysis between the groups was performed by one-way ANOVA followed by Tukey's method. Differences were considered significant at PϽ0.05.
Results
Protocol 1: Time Course of Changes in Serum mIL-10 Levels After Administration of mIL-10 Plasmid to Normal Rats
Single Administration of mIL-10 Plasmid
The levels of serum mIL-10 on days 2 (126Ϯ14 pg/mL), 4 (308Ϯ16 pg/mL), 6 (320Ϯ23 pg/mL), 8 (192Ϯ34 pg/mL), 10 (82Ϯ9 pg/mL), and 14 (35Ϯ8 pg/mL) were significantly higher (all PϽ0.01) than on day 0 (not detected). The level of mIL-10 peaked on day 6. These mIL-10 levels were Ͼ50 pg/mL until day 10 and were greater than the peak value of serum rat IL-10 during the natural course of progression of myocarditis in this model (42Ϯ4 pg/mL on day 27).
Administration of mIL-10 Plasmid 3 Times
The levels of serum mIL-10 on days 6, 16, and 26 were 332Ϯ46, 286Ϯ48, and 218Ϯ42 pg/mL, respectively.
Protocol 2: Preventive Effects of mIL-10 Plasmid Administration in Myocarditis
Clinical Course in Rats with Myocarditis Rats in the myosin-immunized group became ill and immobile on day 14. The 21-day survival rates in groups IL-10 and N were higher (15 of 15 and 10 of 10; 100%) than that in group V (9 of 15; 60%). Six rats in group V died between days 19 and 21, and all hearts from these rats showed extensive myocarditis and massive pericardial effusion.
Body Weight, Heart Weight, and Serum Levels of mIL-10 Body weights did not differ between rats in groups IL-10 and V. Heart weight and the heart weight to body weight ratio were significantly greater in group V (1.62Ϯ0.05 g and 6.50Ϯ0.23 g/kg, respectively) than those in groups IL-10 (1.17Ϯ0.02 g and 4.80Ϯ0.10 g/kg; both PϽ0.01) and N (1.02Ϯ0.02 g and 2.45Ϯ0.06 g/kg; both PϽ0.01).
Although serum levels of mIL-10 in both groups V and N were below the level of detection, that in group IL-10 was 125Ϯ16 pg/mL on day 21.
Hemodynamic Parameters
Central venous pressure and left ventricular end-diastolic pressure were significantly higher and mean blood pressure, left ventricular pressure, and dP/dt were lower in group V than in group N (all PϽ0.01; Figure 1 ).
Central venous pressure was significantly lower and the mean blood pressure, left ventricular pressure, and ϩdP/dt were significantly higher in group IL-10 than group V. The left ventricular end-diastolic pressure and ϪdP/dt did not differ between groups IL-10 and V.
Quantitative Analysis of Myocardial Inflammation
Although massive pericardial effusion was observed in most of the surviving rats in group V on day 21, there was little effusion in group IL-10. Figure 2 shows representative photographs of thin sections stained with hematoxylin-eosin and Azan-Mallory. The normal heart did not show inflammation, but hearts in group V rats showed massive inflammation (stained light blue, which indicates inflammation). The area of myocarditis in group IL-10 was smaller than that in group V (Figure 2) .
Discussion
In the present study using a rat model of autoimmune myocarditis, we examined the effects of IL-10 on the prevention of myocarditis. We found that IL-10 reduced heart weight and myocardial inflammation and increased positive dP/dt.
Human dilated cardiomyopathy is thought to have a variety of causes. Cardiac myosin-induced autoimmune myocarditis, which is not exclusively related to viral infection, develops clinicopathologically to resemble dilated cardiomyopathy in the chronic phase. Thus, the present results provided some insight into the effectiveness of IL-10 treatment against not only myocarditis but also dilated cardiomyopathy after myocarditis.
Gene transfer by electroporation, which uses plasmid DNA as a vector, has several advantages over transfer using viral vectors. A large quantity of highly purified plasmid DNA can be obtained easily and inexpensively. Gene transfer can be repeated without apparent immunological responses to the DNA vector. There is less likelihood of recombination events with the cellular genome, eliminating the risk of insertional mutagenesis that is associated with the use of viral vectors.
The present study indicated that delivery of IL-10 expression plasmid DNA by electroporation provided marked cardioprotection in a rat model of autoimmune myocarditis and may help clarify the mechanisms of the protective effect of IL-10 when used for the treatment of myocarditis in humans. Lung fibrosis is a common feature of interstitial lung diseases, and apoptosis and fibrinogenesis play critical roles in its formation and progression. Hepatocyte growth factor (HGF) is one of the ideal therapeutic agents for prevention of lung fibrosis because of its antiapoptotic and fibrinolytic effects. The aim of this study is to establish nonviral HGF gene therapy of bleomycin-induced lung fibrosis avoiding the viral vector-related side effects. C57BL/6 mice were injected with 3.0 mg/kg body weight of bleomycin intratracheally. Following bleomycin injection, 50 ll of pUC-HGF (1 mg/ml) was injected into each of the quadriceps muscle. Immediately after plasmid injection, in vivo electroporation was performed with pulse generator. Skeletal muscle-targeting electroporation induced transgene expression on day 1 and persisted for 4 weeks, and human HGF was also detected in the lung. In mice transferred with HGF, pathological score (1.070.3 vs 3.270.6), TUNEL-positive cell index (4.571.1 vs 14.273.1), and hydroxyproline content (9.071.3 vs 14.475.1 lmol/g) were significantly reduced compared with the control. Furthermore, survival rate of HGF mice was significantly improved compared with the control. Our data indicate that HGF gene therapy with a single skeletal muscle-targeting electroporation has a therapeutic potential for bleomycin-induced lung fibrosis and this strategy can be applied as a practical gene therapy protocol for various organs. Keywords: lung fibrosis; hepatocyte growth factor (HGF); gene therapy; in vivo electroporation Pulmonary fibrosis is a common feature of interstitial pulmonary diseases. These disorders are progressive and refractory to current therapy and the limited fundamental therapeutic options are available to date. 1 A number of animal models and therapeutic agents were developed to explore the possibility of a new fundamental strategy against pulmonary fibrosis. Bleomycin-induced pneumopathy is a well-established model of pulmonary fibrosis, and the acute toxicity of bleomycin is characterized as the DNA damage of pulmonary tissue, which results in apoptosis. 2 Following the induction of apoptosis, immunological mechanisms including the further induction of apoptosis are also involved in the progression of the bleomycininduced pulmonary fibrosis. 3 On the other hand, hepatocyte growth factor (HGF) is mitogenic and antiapoptotic factor for alveolar and bronchial epithelial cells. It also stimulates the migration and morphogenesis of those cells as reported in the previous in vitro studies. 4, 5 Yaekashiwa et al 6 demonstrated that continuous systemic injection of recombinant HGF suppressed pulmonary fibrosis induced by bleomycin in the mice model. HGF had significant effect when it was administered simultaneously or subsequently to bleomycin treatment. 6 Although these studies suggested the therapeutic potential of recombinant HGF for bleomycin-induced pulmonary fibrosis, the feasibility of HGF gene transfer has not been fully explored. When delivered to the lung in vivo, in addition to the innate immune response or nonspecific inflammation, cellular and humoral immune responses are especially critical issues in the use of viral vectors. Furthermore, pathologically abnormal lungs present disease-specific barriers that can limit gene transfer. 7 In current clinical gene therapy, viral vectormediated gene transfer is the most popular gene delivery system. On the other hand, serious concerns regarding the possibility of insertional mutagenesis and induction of the host immune response limit their clinical desirability. When a retroviral vector-mediated gene transfer was used, an antihypertensive gene was transmitted to the offspring and integrated into its genome. 8 In liver-directed clinical gene therapy, adenoviral vector-mediated gene transfer induced fulminant hepatic failure that lead to mortality. 9 Adenoassociate virus (AAV) vector have been found to be efficient for transducing nonproliferating cells and is considered to be nonpathogenic. Gene delivery by AAV vector also appears to be the least immunogenic of the viral vector systems. However, a major problem associated with the use of AAV vector has been the difficulty in producing large quantities of high-titer stock.
Previously, to avoid these viral-vector related side effects and complexity of viral gene transfer, we developed nonviral gene gun-mediated gene transfer [10] [11] [12] and in vivo electroporation. 13 However, these nonviral gene transfer methods also induced infiltration of inflammatory cells and mechanical damage in targeted organs. Clinically, these nonviral gene transfer-related side effects in diseased organs are also critical.
We hypothesized that these nonviral gene transfer-related side effects would be avoided with the use of nondiseased-organ-targeting gene transfer. Especially in lung disease, as a result of skeletal muscle targeting gene transfer, secreted transgene product would reach the lung through the bloodstream with a certain concentration. Therefore, we investigated the possibility of the in vivo electroporation-mediated HGF gene transfer targeting skeletal muscle for bleomycin-induced pulmonary fibrosis in current study.
Materials and methods
Construction of Plasmid DNA
Human HGF cDNA (2.2 kb) was inserted between the EcoRI and NotI sites of the pUC-SR alpha expression vector plasmid.
14 In this plasmid, transcription of HGF cDNA was under the control of the SR alpha promoter. pCAGGS-EGFP was generated as a control vector using the modified pCAGGS expression vector. 15 
Animal Model of Pulmonary Fibrosis
Male pathogen-free C57BL/6 mice, 8 weeks old, were obtained from Japan SLC (Shizuoka, Japan). After measurement of their body weight, the animals were anesthetized with intraperitoneal injection of pentobarbital sodium (Dainippon Pharmaceutical, Osaka, Japan), and the trachea was exposed following a cervical incision. Bleomycin (3.0 mg/kg of body weight, Nippon Kayaku, Tokyo, Japan) was dissolved in 50 ml of sterile saline and then injected intratracheally with a 30-gauge needle.
In Vivo Electroporation-mediated Gene Transfer
Following bleomycin treatment, the bilateral quadriceps muscles were exposed by bilateral longitudinal incisions of the thigh. A volume of 50 ml of pUC-HGF (1 mg/ml) was injected into each of the quadriceps muscle with 30-gauge needle. Immediately after intramuscular injection of pUC-HGF, the muscle was held by an electrode (Figure 1a ) and in vivo electroporation was performed with pulse generator (Square Electroporator CUY 21; NEPA GENE, Chiba, Japan). The voltage, pulse length, and number of pulses of electroporation were 40 V, 50 ms, and 18 times, respectively. A total of 49 mice were transferred with pUC-HGF, and another 49 mice were transferred with pCAGGS-EGFP as the control. In all, 25 mice of each treatment group were served for survival analysis until 28 days after bleomycin injection and in vivo electroporation. Six of residual 24 mice of each group were killed on 1, 3, 5, and 7 days after bleomycin injection and in vivo electroporation. Then, gene expression of HGF or green fluorescent protein (GFP), collagen content of the lung, and histological findings including the apoptosis were evaluated.
Detection of GFP and Human HGF Expression
The right quadriceps muscle and the left lobe of the lung were excised then GFP expression was detected with fluorescent stereomicroscopy. The left quadriceps muscle and the right upper lobe of the lung were excised and homogenized on ice after dilution with an adequate volume of human HGF extraction buffer (Institute of Immunology, Tokyo, Japan). After centrifugation, the supernatant was collected and stored at À801C until assay. The concentration of human HGF was determined by means of enzyme-linked immunosorbent assay (ELISA) using anti-human HGF monoclonal antibody (Institute of Immunology, Tokyo, Japan). The antibody used in this study reacts specifically with human HGF and has little crossreactivity with mouse endogenous HGF.
Histological Analysis of In Vivo Electroporationinduced Tissue Damage
To evaluate the tissue damage related to the in vivo electroporation, the right quadriceps muscle was fixed with 10% formaldehyde after the fluorescent stereomicroscopy for GFP expression analysis. The tissue was embedded in paraffin, and 4 mm section of the quadriceps muscle was stained with hematoxylin-eosin.
Histological Analysis for Bleomycin-induced Pulmonary Fibrosis
The left lobe of the lung was obtained after the fluorescent stereomicroscopy for GFP expression analysis. After perfusion of the lung sample with phosphate-buffered saline solution (PBS), lung tissue was fixed by instilling 10% formaldehyde and embedded in paraffin. A 4 mm section of the lung was used for Masson's trichrome staining. The section was reviewed under CCD microscopy (CCD; DP-70 (Olympus, Tokyo, Japan), microscope; Optiphot-2 (Nikon, Tokyo, Japan), objective lens; Â 20, adapter lens; Â 0.45, display size; 21 00 ). The extent of pulmonary fibrosis was evaluated according to the scoring system of Ashcroft et al. 16 A score ranging from 0 (normal lung) to 8 (total fibrosis) was assigned for each of the five microscopic fields. The mean score of all fields was taken as the fibrosis score of lung section. 
Evaluation of Lung Collagen Content by Hydroxyproline Assay
The right lower lobe of the lung was excised and its hydroxyproline was measured. Briefly, after acid hydrolysis of the lung with 6 N HCl at 1101C for 14 h in a sealed glass tube, hydroxyproline content was determined using high-performance liquid chromatography.
Quantification of Apoptosis in Lung Tissue by Terminal Deoxynucleotidyltransferase dUTP Nick End Labeling
Terminal deoxynucleotidyltransferase dUTP nick end labeling (TUNEL) in the left lobe of the lung was performed with an in situ apoptosis detection kit (Takara, Shiga, Japan) according to the manufacturer's protocol. The number of TUNEL-positive signals was counted in five fields under CCD microscopy. Apoptotic cell index was presented as the number of TUNEL-positive cells per 100 total cells.
Statistical Analysis
Data are expressed as mean7s.d. The statistically significant difference between treatments was assessed using a one-way analysis of variance followed by a parametric Student's t-test. Survival rates were estimated from survival curves based on the Kaplan-Meier method and compared with the Mantel-Cox log rank test. A P-value of less than 0.05 was considered significant.
Results
In Vivo Electroporation-mediated GFP Gene Expression
To confirm the efficacy of gene transfer by skeletal muscle-targeting in vivo electroporation, we detected GFP expression under fluorescent stereomicroscopy. The expression of GFP was exclusively detected along the muscle fiber of enhanced GFP (EGFP)-transferred quadriceps muscle on the day after electroporation and persisted for 4 weeks (Figure  1b-f) . Although GFP expression at day 28 was observed in five of six mice transferred with EGFP, the intensity of GFP in the quadriceps muscle at day 28 was slightly reduced compared with that measured in the early days. GFP expression was not detected in the HGF-transferred mice nor the other organs including the lungs of EGFP-transferred mice.
In Vivo Electroporation-mediated HGF Gene Expression
The expression of human HGF was detected in the quadriceps muscle of HGF-transferred mice from the day after in vivo electroporation to day 28 using human HGF-specific ELISA (Figure 1g was significantly lower than that in the quadriceps muscle (Figure 1h ). Throughout this experiment, human HGF was not detected in the EGFP-transferred mice (Figure 1g , h).
Effect of In Vivo Electroporation on the Skeletal Muscle
Histologically, skeletal muscle-targeting in vivo electroporation induced minimal damage of the skeletal muscle fiber and mild degree of influx of inflammatory cells (Figure 2a, b) . However, no dysfunction of the lower limb was observed in either group.
Effect of HGF Gene Transfer on Bleomycin-induced Pulmonary Fibrosis
Histologic finding in control mice showed increased cellularity and severe fibrotic changes. However, those changes were minimum in the mice injected with HGF. The fibrotic change of the lungs was assessed by the Ashcroft's numerical score at day 7.
The scores in the bleomycin-injected mice transferred with GFP (Figure 3a 
Effect of HGF Gene Transfer on Hydroxyproline Content of Bleomycin-injected Lung
Collagen content of the bleomycin-injected lung was assessed by the hydroxyproline assay. There was a 
Effect of HGF Gene Transfer on Survival after Bleomycin Injection
In total, 25 mice transferred with HGF after bleomycin treatment and 25 mice with GFP were served for survival analysis. Within 28 days, three of the mice with HGF and 20 with GFP had died. The Mantel-Cox log rank test showed that the survival rate of mice with HGF was significantly improved compared with that of control mice ( Figure 6 , Po0.0001). Discussion HGF 17 is a multipotent growth factor that acts as mitogen, 14 motogen, 18 and morphogen 19 on various epithelial cells. Furthermore, HGF also has an antiapoptotic effect on these cells 20 and fibrinolytic activity via upregulating urokinase-type plasminogen activator expression. 21, 22 Therefore, HGF has been obtained as a protective agent for a variety of organ disorders, such as liver cirrhosis, 23 intestinal ischemia, 24 myocardial ischemia, 25 and acute renal failure. 26 On the other hand, pulmonary fibrosis is the most common feature of interstitial pulmonary diseases and this disorder is progressive and refractory to current therapy. Limited fundamental therapeutic options are available to date. 1 A number of animal models and therapeutic agents were developed to explore the possibility of a new fundamental strategy against pulmonary fibrosis. Bleomycininduced pneumopathy is a well-established model of pulmonary fibrosis. Acute toxicity of bleomycin is characterized as the DNA damage of pulmonary tissue, which results in apoptosis. 2 As found in bleomycin-treated mice, 27 Fas expression in bronchiolar and alveolar epithelial cells and upregulation of Fas ligand (FasL) expression are also found in clinical idiopathic pulmonary fibrosis patients. 28 Furthermore, an activation of apoptotic pathway was found in acute respiratory distress syndrome (ARDS), 29 or other experimental models, such as lipopolysaccharide, 30, 31 hyperoxia, 32, 33 asbestos, 34 and ischemia/reperfusion-induced lung injury, 35 Thus, apoptosis is a common feature found in both clinical and experimental models of lung injury. Following the acute toxicity of bleomycin, immunological mechanisms by T cells, its cytokines and natural killer cells also concern the progression of lung fibrosis. 3, 36, 37 In concurrence with these processes, extravasation of plasma through hyperpermeable vasculatures and injured alveolar walls occurs and tissue factor triggers the coagulation cascade, leading to fibrin deposition. 38 Fibrin matrix serves as a scaffold in which fibroblasts migrate and induce collagen deposition.
From the therapeutic point of view, suppressions of apoptosis and fibrinogenesis are critical in prevention of the onset and progression of lung fibrosis. As HGF has both antiapoptotic and fibrinolytic potential as described above, HGF is one of the ideal therapeutic agents for lung fibrosis. Yaekashiwa et al 6 reported that systemic injection of recombinant HGF suppressed pulmonary fibrosis induced by bleomycin in a mice model. Although their study suggested the therapeutic potential of HGF for bleomycin-induced pulmonary fibrosis, relatively high dose and continuous administration of recombinant HGF were required to induce those therapeutic effects. Since HGF has a short half-life (T 1/2 3-5 min), HGF gene therapy would be desirable from a clinical point of view.
In current clinical gene therapy, viral vectormediated gene transfer is the most popular gene delivery system. However, in the use of adenoviral vector or retroviral vector, serious concerns regarding the possibility of insertional mutagenesis and induction of the host immune response limit their clinical desirability. With regard to newly developed AAV vector, it has been found to be efficient for transducing nonproliferating cells and is considered to be nonpathogenic. Gene delivery by AAV vector also appears to be less immunogenic. However, a major problem associated with the use of AAV vector has been the difficulty in producing large quantities of high-titer stock. Therefore, we previously explored the in vivo nonviral gene transfer systems, such as particle delivery using gene gun [10] [11] [12] and electroporation using pulse generator, 13 to avoid these viral vector related problems. 8, 9 In the gene gun-mediated gene transfer to the mice liver, gene expression was observed even on day 1 and persisted for 2-5 weeks, and exclusive in the gene gun bombarded area. 10 With a regard to in vivo electroporation, we investigated the feasibility of HGF gene transfer via the portal vein in dimethylnitrosamine (DMN)-induced rat liver fibrosis. HGF gene transfer attenuated the fibrotic change and prolonged the survival of DMN rats, and also reduced the apoptotic cell death. 13 However, these nonviral gene transfer methods also induced infiltration of inflammatory cells and mechanical damage in the site of gene transfer. On the other hand, in vivo lung-targeting gene therapy has been challenging due to the physical extracellular barriers, such as mucus, mucociliary clearance and glycocalyx proteins, and the innate or adaptive immunological systems. 7 Preclinical and clinical studies of gene therapy for cystic fibrosis suggested that current levels of gene expression were too low to achieve clinical benefit. Repetitive administrations of viral vectors were also limited by the formation of neutralizing antibodies. In addition, almost all previous studies including the lung-directed one used the diseased organ as a target site to induce efficient transgene expression locally. However, we should avoid putting the diseased organ at risk as the targets of gene transfer. Therefore, in this study, we selected the skeletal muscle as a gene transfer site using nonviral in vivo electroporation system to avoid these problems in lung gene therapy.
In vivo electroporation-mediated gene transfer achieved rapid and persistent gene expression in the skeletal muscle in this study. GFP expression was detected on the day after gene transfer and persisted for 28 days. GFP expression was exclusively restricted to the quadriceps muscle. These data were identical to the previous reports of in vivo electroporation. 39, 40 On the other hand, in addition to the electroporation-related tissue damage described above, another problem of nonviral gene transfer is lower transfection efficiency compared with viral vector. Although human HGF in the HGF gene therapy of lung fibrosis Y Umeda et al quadriceps muscle and the lung were also detected at day 1 and peaked at days 3 and 5, respectively, human HGF concentration in the lung was significantly lower compared with that in the skeletal muscle. However, its level would be efficient to demonstrate the physiological effects according to the previous reports on HGF gene therapy. 13, 41 As a result of our observations, skeletal muscle-targeting in vivo-electroporation could be performed with the advantages of simplicity, safety, and without toxicity to the diseased organ.
Suppressions of fibrinogenesis and apoptosis are principal points in the therapy of lung fibrosis as described above. Our results of hydroxyproline assay and histological evaluation indicated the certain effects of HGF gene transfer on suppression of fibrinogenesis in the bleomycin-injected lung. Furthermore, HGF gene transfer also reduced the apoptosis of the bleomycin-injected lung significantly. Concerning the survival analysis of bleomycin-injected mice, Hattori et al 42 reported the significant improvement of the survival rate of the mice deleted for the plasminogen activator inhibitor-1 (PAI-1) gene compared with that of wild-type mice. They suggested that the protective effect of PAI deletion could be attributed to the accelerated clearance of fibrin matrices. Their result emphasized the importance of fibrinogenesis suppression. In our study, the survival ratio of the bleomycininjected mice was significantly improved in HGFtransferred mice compared with GFP mice.
With regard to the limitations of this study, concentration of human HGF in the muscle and the lung decreased to around undetectable level of ELISA system at 28 days after gene transfer. However, clinical efficiency of our gene therapy protocol could be suggested by the following point. First, the expression of GFP in skeletal muscle was confirmed in five of six mice at day 28 in our study. And in previous reports regarding the skeletal muscle-targeting electroporation, gene expression was confirmed even in 15 weeks after gene transfer. 43 Second, the physiological effect of HGF would be expectable even when its concentration decreased to undetectable level as reported previously. 41 Third, skeletal muscle-targeting electroporation-mediated gene transfer could be repeated without apparent immune responses. 44 Another problem of this study is electroporationrelated skeletal muscle damage. However, electroporation induced minimal damage of the skeletal muscle and mild degree of influx of inflammatory cells. And no dysfunction of the lower limb was observed in either group. These changes induced by electroporation were recovered within about 2 weeks in our preliminary study.
In conclusion, we developed a nonviral HGF gene therapy of bleomycin-induced lung fibrosis with a single skeletal muscle-targeting in vivo electroporation for the first time. This procedure could be applied as a practical gene therapy protocol of various diseased organs. Vaccines have played a substantial role in controlling epidemic diseases since Jenner's innovation. However, despite the competency of current biomedical sciences, some pathogens remain in place and pose a serious threat. Although DNA vaccines have been highlighted for their potential to conquer such uncontrolled pathogens, the magnitude of the immune response elicited by DNA vaccines in larger animals, including humans, has been disappointing (3). Numerous strategies have been explored to improve their immunogenicity, ranging from the use of gene guns and electroporation to improve vaccine uptake, to the coadministration of cytokines and chemokines to boost local immunity, to the use of "combination" vaccines that boost immunity with protein-or vector-based components (13) . One promising strategy is the use of adjuvants that enhance DNA-raised immune responses (17) .
Toll-like receptors (TLRs
One important class of immune adjuvants triggers the innate immune system via Toll-like receptors (TLRs) (10, 19) . These agents mimic infection by microbes, thereby eliciting the innate immune responses required for subsequent acquired immune activation against immunogens. However, the strong immunostimulatory properties of TLR ligands may induce unwanted side effects, ranging from local irritation to systemic shock (2) . TLR ligands may also exacerbate preexisting neuronal or autoimmune diseases (7, 14, 16) . To circumvent these complications, we examined whether TLR adaptor molecules in cells transfected together with DNA vaccines augment adaptive immune responses while avoiding adverse reactions.
TLR-mediated cell activation proceeds through two distinct pathways. The first pathway depends on an adaptor molecule, myeloid differentiation factor 88 (MyD88), that transduces downstream events leading to nuclear factor B (NF-B) activation (27) . MyD88 associates with the proximal TIR domains of TLRs, initiating a signaling cascade that involves activation of interleukin-1 (IL-1) receptor-associated kinase (IRAK) family members and tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6) (28) . This pathway is triggered by TLR2, TLR4, TLR5, TLR7, TLR8, and TLR9 (26) . In the case of TLR7 and TLR9, the MyD88-dependent pathway also triggers phosphorylation of interferon regulatory factor 7 (IRF-7) by IRAK1, which leads to alpha interferon (IFN-␣) production (35) . Toll-IL-1 receptor domain-containing adaptor-inducing IFN-␤ (TRIF) and the TRIF-related adaptor molecule (TRAM) mediate a MyD88-independent alternative pathway. Once TRIF binds to activated TLR3 or TLR4, it interacts with TRAF6, inducible IKK, and TANK-binding kinase 1, mediating the induction of IFN-␤ through the activation of NF-B and IRF-3 (8) . Overexpression of these adaptor molecules is proven to turn on downstream cellular signaling in the absence of TLRs or TLR ligands (11, 29) ; thus, we intended to use TLRadaptor molecules as genetic adjuvants.
The present study shows that DNA vaccine immunogenicity is enhanced by cotransfection of MyD88 and TRIF. The TRIF genetic adjuvant improved the protective effect of DNA vaccines against lethal influenza virus challenge and tumor out-LacZ-MyD88 (Fig. 2B) (P Ͻ 0.05) . These results suggest that overexpression of MyD88 improves induction of Th1-dependent antigen-specific humoral immunity to an antigen coexpressed by the same DNA vaccine.
Cellular immune responses modulated by the MyD88 and TRIF genetic adjuvants. The antigen-specific cytokine production by bulk splenocytes from mice 2 weeks post-boost was analyzed. Splenocytes were restimulated in vitro with a LacZderived H-2 d -restricted MHC-I peptide, and mRNA levels for IFN-␥ and IL-4 were quantified by RT-PCR. Splenocytes from the pGA-LacZ-MyD88-and pGA-LacZ-TRIF-treated groups produced 2.4-and 6.6-fold more IFN-␥ mRNA than cells from the control group (Fig. 2C) (P, Ͻ0.05 and Ͻ0.01, respectively). There was no difference between groups with respect to IL-4 mRNA expression (Fig. 2C) . Finally, CTL activity was examined by the lysis of P815 (H-2K d ) cells pulsed with a class I LacZ peptide. CTL isolates from pGA-LacZ-TRIF-vaccinated animals showed the strongest lytic activity (Fig. 2E) (P, Ͻ0.001 at all effector-to-target ratios), although those from pGALacZ-MyD88-vaccinated mice also exceeded the response of controls (Fig. 2D ) (P Ͻ 0.01). These results indicate that MyD88 and TRIF can act as genetic adjuvants to enhance the induction of a Th1-dominated cellular immune response to a coexpressed antigen encoded by a DNA vaccine.
TRIF genetic adjuvant increases the number of CD11c ؉ and CD40 ؉ cells in draining LNs. The immune response induced by DNA vaccines is dependent on transfected antigen-presenting cells (APCs) reaching the draining LNs (1, 5, 20) . A singlecell suspension was prepared from inguinal LNs 3 days after boosting, and cell frequencies were determined by surface staining. Compared with resting LNs, the number of CD11c ϩ dendritic cells (DCs) increased significantly within 72 h of imEPT delivery of plasmid (Table 1 ) (P Ͻ 0.01). The pGA-GFP-TRIF plasmids significantly increased the number of CD40 ϩ cells present in draining LNs compared with control plasmid, suggesting that these genetic adjuvants might increase the number of mature B lymphocytes, activated T lymphocytes, and CD40
ϩ DCs at that site (Table 1) a Significances of differences are as follows: *, §, and ¶, P Ͻ 0.01; †, P Ͻ 0.001.
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including IL-12 p40 and IL-18, were significantly up-regulated 72 h after immunization with pGA-GFP-TRIF compared to control groups (Fig. 3 ) (P Ͻ 0.05). Th2 cytokine mRNAs, including IL-4 and IL-6, were also up-regulated at 72 h (P Ͻ 0.05). Factors regulating APC function (i.e., IFN-␤, TNF-␣, IP-10, and JE/MCP-1) and elements associated with APC function (i.e., MHC-II, CD40, CD80, and CD86) were consistently increased 72 h after immunization with pGA-GFP-TRIF compared to control plasmid ( Fig. 3) (P Ͻ 0.05). Incorporation of TRIF genetic adjuvant into DNA vaccines targeting influenza and tumors. To explore whether TRIF could contribute to improving the protective effect of a DNA vaccine, vectors targeting the influenza HA antigen and the tumor-associated antigen E7 were constructed (Fig. 1B) . Mice primed and boosted with each HA-encoding vaccine were challenged intranasally 2 weeks later with 4 to 20 LD 50 of live influenza virus A/PR/8/34. Two outcomes of disease were monitored: weight loss and mortality. Animals immunized with the irrelevant pGA-GFP plasmid uniformly demonstrated severe weight loss and subsequently died (Fig. 4A and B) . Vaccination with CVM9-HA protected approximately half of the mice from low-dose challenge but Ͻ20% of animals from higher-dose challenge. In contrast, the CMV9-HA-TRIF vaccine protected all mice from low-dose challenge and 70% of mice from high-dose influenza virus challenge (P Ͻ 0.05). The HI titer was determined as shown in Fig. 4C . CMV9-HA-TRIF and CMV9-HA raised comparable levels of HI activity, suggesting that the TRIF genetic adjuvant raised a stronger innate and/or cellular immune response, which may confer superior protection in combination with the humoral immune response (Fig.  4C ). Mice that had been established with subcutaneous tumors were primed and boosted with each E7-expressing vaccine. Tumor masses grew steadily in mice vaccinated with the irrelevant pGA-GFP plasmid (Fig. 5A) . pGA-GFP-E7 treatment partially protected against tumor outgrowth, while pGA-GFP-E7-TRIF progressively protected (Fig. 5A ). This observation was in accordance with the levels of E7-specific IFN-␥ production from splenocytes of immunized mice (Fig. 5B) . These results clearly indicate that the TRIF genetic adjuvant can improve the protective effect of DNA vaccines in infectious and neoplastic disease models, both major targets of current vaccine development.
DISCUSSION
There is an urgent need to develop effective vaccines against emerging infectious diseases and biothreat pathogens (12, 13) . DNA vaccines represent a promising strategy for accomplishing this goal, but their success has been limited due to poor immunogenicity in large animals. We postulated that TLR adaptor molecules might be used as genetic adjuvants to promote immunity against DNA vaccine-encoded antigens by their nature as activators of innate immune responses. To minimize potential side effects, these agents were incorporated into the antigenencoding plasmid, thereby insuring their targeting to cells contributing to the induction of protective immunity. Initial results demonstrated that both MyD88 and TRIF were functionally active, enhancing antigen-specific humoral and/or cell-mediated immune responses in vivo. Of greater importance, the addition of TRIF significantly improved the protective activity of an HAencoding DNA vaccine in mice challenged with influenza virus and the therapeutic activity of an E7-encoding DNA vaccine in mice transplanted with lung carcinoma cells.
Incorporating cassettes expressing the MyD88 or TRIF gene into DNA vaccine vectors increased the size of the DNA by 2.1 and 3.7 kb, respectively. Since the size of the DNA vaccine generally affects in vivo transfection efficiency (6, 15) , plasmids containing the genetic adjuvant cassettes were less-effective inducers of target molecule expression (data not shown). Since IFNs and proinflammatory cytokines have the ability to suppress virus promoters, such factors induced by genetic adjuvants might inhibit the levels of antigen expression. However, DNA vaccine immunogenicity was improved by increasing the expression of MyD88 or TRIF in transfected cells. MyD88 plays an essential role in DC maturation, thereby improving CD8 ϩ T-lymphocyte priming via crosspresentation (18) . MyD88-deficient mice have a profound defect in the activation of antigen-specific Th1 immune responses (23) . TLR3-deficient mice exhibit impaired CTL cross-priming of antigens associated with virus-infected cells, indicating that TLR3-mediated TRIF-dependent signaling provides an important link between innate and acquired immunity following virus infection (24) . Type I IFNs play a key role in maintaining innate and acquired immunity. Mice lacking type I IFN receptors or signaling molecules exhibit defective immune responses to eliminate cancer cells and cells infected by viruses (32) . Recent studies have demonstrated that TLR-mediated cellular signaling is also mediated by IRF-3 or IRF-7, which serves as a crucial transcription factor regulating the production of IFN-␤ or IFN-␣, respectively (9) . In this regard, we demonstrated previously that IRF-3 and IRF-7 genetic adjuvants are both effective at amplifying DNA vaccine-raised immune responses (22) .
A numbers of cytokines, hematopoietic factors, and costimulatory molecules have been tested for the ability to act as genetic adjuvants (25, 33, 34) . However, the immunological processes associated with stimulation through these molecules are downstream of the activation of the innate immune system mediated by MyD88 and TRIF following TLR ligation. We therefore hypothesized that increasing expression of these molecules would im- FIG. 5 . TRIF increases the protective activity of a tumor-associated antigen E7-encoding DNA vaccine. (A) Three days before vaccination, mice were challenged with 2.5 ϫ 10 4 TC-1 cells. Ten mice/ group were immunized at 0 and 2 weeks with 20 g of pGA-GFP, pGA-GFP-E7, or pGA-GFP-E7-TRIF by imEPT. Tumor outgrowth was monitored for the following 4 weeks. E, pGA-GFP; OE, pGA-GFP-E7; F, pGA-GFP-E7-TRIF. ‫,ء‬ P Ͻ 0.05. (B) Splenocytes were prepared 2 weeks after the booster immunization and stimulated in vitro with 1 g/ml of E7 peptide (filled bars) or NP peptide (open bars) for 24 h. The relative IFN-␥ mRNA expression levels were measured as described in the legend to Fig. 2 
